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vii 

1-18 
1  -24 

1-26 

1-31 

1-33 


CHANGE 

a  =  Slope  of  lift  curve 

C^p  =  Parasite  or  profile  drag  coefficient 
Cd^  =  Proper  drag  coefficient 
add  'y  =  Shear  stress  45^  Ib/ft^ 

y  (nu)  Kinematic  viscosity  ft^/sec 
line  4  change  "it's"  to  "it  is" 

line  1  2  to  read  "number  of  nondimensional  parameters" 

line  19  spelling  "independent'* 

line  -v  "with  out"  to  one  word  "without" 

line  2  spelling  "moleculor"  to  "molecular'' 

Figure  1.3.1  change  axis  g  to  y 

Figure  1.3.3 


1-34 

1-37 


line  16  should  read  "in  the  absence  of  the  conversion  of 
mass  to  energy  thro  agh  nuclear  means,  the  mass.  . .  .  etc" 


1 


1-55 

1-58 


1-62 

1-68 


1-74 

1-86 

1- 87 

2- 1 


2-5 

2-6 


2-14 

2-15 

2-31 


lines  19  and  20  ^inertia  =  q  dA  =  V2  a 

where  dA  =  cross  sectional  area  of  the  stream  =  if  ^ 


line  4  Figure  1.3.9  should  read  Figure  1.3.14 
*  /l  =  *  -  4.94  X 


e  u 


Figure  1. 3.  16  NOT.Ei  Arrows  signify  magnitude  of 
negative  pressure 

lines  2  and  7  to  read: 

pV  =  R  T  s  P 

(f  8 

where  p  is  the  pressure  Ib/ft^ 


1 


is  the  density 


gVl 

V  is  the  specific  volume 


^  slugs/ft^ 

ft  3/lb 


T  is  the  temperature  (degrees  absolute) 

R  is  the  universal  gas  constant  —  or  — 

OR  Oj^ 


line  16  should  read  ** considered  only  in  an  open.  .  .etc.  " 
line  19  perse  is  **per  se." 

last  line  spelling  porcess  should  be  "process" 

line  13  spelling  nitrogen  should  be  "nitrogen" 

line  14  correct  monoxide  to  read  "dioxide" 

line  17  spelling  apporoximately  should  be  "approximately 

line  23  "slug,  (lb  sec^/ft)" 

line8V:Vw=J_ 

line  22  P2  dA  =  +  (dp/dL)  dA 

line  3  spelling  "boundary" 

line  5  F  =  Pi  dA  -  [Pi  +  dP/dL  (dL]]  dA 
below  Eq  2.3.2 

=  1/2 


o 


2-39 


2-63 


2-64 


2-71 


2-72 

2-76 

2-79 

2-80 


line  9  The  term 
number  and  V/a 


pv£ 

AJU 


defined  as  the  Reynolds 


is  the  Mach  number.  The  term  f  is 


twice  the  dynamic  pressure  etc. . .  . 

line  5  should  read  "The  minimum  drag  coefficient  is 
seen.  .  .  .  etc.  "  Figure  2.3.17  replot 


line  7  m  = 


b  =  Cof 


1 


irARe 


line  8  and  9  ELIMINATE 

line  13  change  to  read  FIG.  2.  3. 18a  and  b 

renumber  bottom  figure  FIG.  2.3.22A 

label  ordinate  Cp  not  Cl 

label  abscissa  Cl  ^ 

line  16  the  theoretical  chord  for  a  wing  which  has. , ,  .etc, 
line  16  Simply  stated  then  .  c  . . .  etc. . 

line  18  designing  smooth  airfoils . etc. . 

Fig  2.4. 1.2  spelling  on  label  boundary 
line  5  and  7  Cl'® 


2-81 

2-82 

2-83 

2-84 

2-85 


line  4  spelling  porous 

line  5  change  profile  to  "parasite” 

After  Fig  2, 4.  2.1  eliminate  rest  z£  page 

eliminate  page 

eliminate  first  twelve  lines 

The  following  replaces  pages  2-83,  2-84,  2-85,  2.4.2(A) 
PARASITE  DRAG  COMPARISON  METHODS 
Parasite  drag  is  composed  of  skin  friction  drag  and  pressure 
drag.  Comparison  of  the  paras;te  drag  of  aerodynamic  sliapei 
ranging  from  a  flat  plate  (if  this  can  be  called  an  aerodynamic 
shape)  to  a  complete  airplane  !S  often  desirable.  Several 
methods  exist  for  making  this  comparison. 

2.4.2(A)  1  EQUIVALENT  FLAT  PLATE  AREA 
Wind  tunnel  experiments  have  shown  that  a  drag  coefficient 
of  approximately  1.28  is  a  good  average  figure  for  a  flat  plate 
for  Reynolds  numbers  in  the  flight  range.  The  total  parasite 
drag  of  a  flat  plate,  which  is  almost  entirely  pressure  drag, 
is  computed  by  the  equation; 


Dp  =  1.28  q  S, 


Equation  2.4,2.  I 


where  Sp  •  plate  area 

The  parasite  drag  cf  an  airplane  can  be  expressed  in  terms 
of  an  equivalent  flat  plate  area.  That  is,  a  flat  plate  of  such 
an  area  that  its  drag  will  be  equivalent  to  the  drag  of  the 
airplane.  Since  the  aerodynamic  coefficient  ^Dp  arbitrarv 
and  based  on  any  convenient  area  (generally  wmg  area),  tlien; 
Parasite  Drag  =  Dp  =  Cpp  q  Sw=l„28QSp  Equation  2.  4.  2 . 


ip_= 


Svu  “  A, 


1. 28 


whcre^Sn  =  Flat  Plate  Area 


Ag  =  Equivalent  Flat  Plate  Area 


Equivalent  Flat  Plate  Area  is  obtained  by  substituting  the 
CDp  and  Sw  (Wing  Area)  of  each  particular  aircraft  into 
equation  2.4.  2.2.  The  resultant  number,  equivalent  flat 
plate  area,  Ae»  gives  a  direct  parasite  drag  comparison 
between  two  different  types  of  airplanes. 

2.4.2(A)  2  EQUIVALENT  PARASITE  AREA 

Equivalent  Parasite  Area,  f,  is  defined  as  that  area  which 

results  assuming  that  the  drag  coefficient  is  1.0  or: 

Dp  =  1 . 0  q  f  Equation  2 . 4.  2 .  3 

f  s  equivalent  parasite  area 
2.4.2(A)  3  Cd  .  PROPER  DRAG  COEFFICIENT 
Another  Parasite  drag  coefficient,  useful  to  aircraft  designers 
in  making  drag  estimates  is  Cd^»  which  is  defined  as  the  drag 
coefficient  based  on  frontal  area.  Therefore; 

Dp  *  CD^q  Equation  2.4.  2.4 

S|r  =  Frontal  Area 

2. 4.  2.  (A)  4  RELATION  BETWEEN  THE  VARIOUS 
COMPARATIVE  DRAG  TERMS 

Dp  *  C£)p  qS^  »  1.28  qAe  =  l.Oqfs  Cd^i  9 
or 

COp  Sw  *  A.28  Ae  r  f  s  CDw  Equation  2. 4.  2.  5 

Drag  comparison  for  different  shapes  may  be  made  by 
comparing  equivalent  flat  plate  area,  equivalent  parasite 
area,  proper  drag  coefficient  or  drag  coefficient. 

In  figure  2,  4.  2. 2,  comparisons  are  made  for  bodies  of 
unit  (1  ft^)  cross  section. 


OBJECT 


Equivalent 
Flat  Plate 
.Area 
Ae 


1.0  ft2 


.80-.  94  ft2 


0.23  ft^ 


Equivalent 

Parasite 

Area 

f 


1.28 


Proper 

Drag 

Coefficient 

Cd 


1.28 


1.02-1.20  ft2  1.02-1.28 


0. 295  ft2  0.295 


0.  035  ft2  0.  045  ft^  0.  045 


2- 85 

3- 6 
3-14 


line  18  eliminate  "and  conversely" 

1st  line  below  figures  spelling  parallel 

line  1  straight  and  level  flight  unaccelerated, 

Equation  3.2.1 

Dp  *  CDp  =  Vzg  Vt^  S 

line  1 1 

^  s  density  of  air 
line  18 

Di  =  CDiV2fi  Vt^  S 


Pa -a  site 
Drag 

Coefficient 

CDp(S>v=i00-t^) 

.0128 

.0102-. 0i28 

.0295 

.0045 

the  thrust  etc. .  . 


3-15 


3-19 

3-22 

3-33 

3-35 

3-37 

3-60 


3-61 

3-63 


3-64 


3-70 

3-82 

3-85 


line  1 

s 

line  14 

r  2W 

Cl  =  — - 

^6  Vt2  s 

line  4  If  we  consider  the  thrust  curve  with  drag  curves  etc,  . 

line  4  provided  the  engine  and  duct  efficiency  etc . 

title  on  sec.  3.2,2  relabel  to  "ENGINE-AIR  FRAME 
PER  FOR  MANGE" 
line  8  spelling  different 
line  7  change  left  to  "right" 

line  10  ^1  -  U.  =  final  gross  weight  at  end 

of  endurance  or  cruise 

Wq  =  Ir.tial  gross  weight  at  start  of  endurance 
or  cruise 

^  in  all  equations  is^^ 

line  19  delete  rest  of  paragraph  and  add  -  In  actual  practice, 
because  of  in  service  variations  in  engine/airframe  perform¬ 
ance  and  because  of  operational  conditions  which  reduce 
range  such  as  turbulence  and  turning  or  maneuvering  re¬ 
quirements,  the  operational  values  are  usually  not  taken  as 
greater  than  80-85  percent  of  the  theoretical  values, 
line  1  Investigate  first  endurance.  Divide  the  coefficient 
of  drag  equation  by  and  invert, 

line  11  and  12  Divide  the  coefficient  of  drag  equation  by 
and  invert. 

Paragraph  4  relabel  paragraph  3. 

line  7  and  9  A  F  should  be  AF^,  also  line  11  and  21. 

line  5  Charts  A-72  to  A-73. 


R/Cs  +  ^test 


3-87 


3-88 


3-90 

3-97 

3-107 


3-114 


3-115 

3-121 

3-122 

3-127 


line  5 

line  7 


Ts  = 
d  T, 


W 


W. 


d  (R/Cs) 


dDi 


line  1  0 


dW  V 

d  (R/Cs) 


dW 

R/Cs 


R/Cs 

~SW 


aw 

equal  on  3.3.18 

A  R/C^gjgj^(  -  _ 

line  12 


R/C 


Vts 
d  Dt 


dW 


Vt 


f] 


dD  = 


006429 


Pa,;  e 


4^^  Vt 


.] 


6s 

6t 


Ns^  W-2 


1 


line  i6  delete  subtracting  add  substituting, 
line  18  equation  3.3.20 
A  R/C3  =  etc.  .  . 
line  16  spelling  algebraically 
line  16  In  order  for  an  aircraft  to  descent  without 
accelerating,  the  thrust,  T,  etc 
equation  3.  5.  4 

.000675  ^  A  Fr 


ACd  = 
line  14 


where 


S 

AFn 


is  determined  etc 


equation  3,6.7 


(^) 


app 


/(T-D)  V 


W 


1  +  (V/g)  (dV/dh) 


line  1  spelling  envelope 


line  1  below  Fig.  3.6.5  spelling  dimensional 
top  left  corner  spelling  dimensional 
line  5 

dW/dt  =  TCi 


acc  coi 


3-134 


3-143 


line  3 


equation  3.  7.  11 


(W  -  Cl  q  S) 


Sa 


V  d  E 
(T-R)  V 


change  all  integral  sign  to 


r^5Q 

j  etc. .  . 

o/  Eto 


3-145 

3-152 

3-154 

3-158 

3-162 


line  12  spelling  upward 
line  11  spelling  exponential 

near  bottom  of  page  -  Amount  proportional  to  the  sine  of 
line  7  1.  W’nd 

F or  Fig.  3.  7.  5a  and  3.  7,  5b  use  following  code: 

_ _ _ _ Total  Resistance  -  High  Cl 


-j--  -4*-  — j — 


Total  Resistance  -  Low  Cl 
Aerodynamic  Resistance  -  High  Cl 
Aerodynamic  Resistance  -  Low  Cl 

Braking  Resistance  -  High  Cl 

Braking  Resistance  -  Low  Cl 


I 


redraw  and  relabel  Fig.  3.  7.  5B 


Low  Aerodynamic  Drag  and  High  Friction 


Total 

Reaiatance 


equation  4.  4.  7 

Thrust  (T)  sr  AAP  *  A  ^  A  V2  (V  + 
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APPENDIX  A  INSTRUMENTATION 


A-1 


FORWARD 


This  Aerodyiunics  h»dbook  was  written  by  the  staff  of  the  Performance 
SecUon,  USAF  EiqDerinental  Flight  Test  Pilot  School,  Sdwards  Air  Force  Base, 
California.  The  purpose  is  to  consolidate  all  the  material  into  one  handbook 
so  that  all  the  material  covered  during  the  course  is  readily  available  to  the 
student.  The  contents  of  this  handbook  are  not  as  technical  as  that  required 
by  an  aerodynanist  or  aeixmautical  engineer,  but  does  present  the  theoretical 
basis  of  the  material  at  the  level  that  the  average  pilot  can  understand* 

The  reader  should  bear  in  mind  that  this  handbook  was  written  to  satisfy 
school  conditions  and  that  in  some  cases  the  material  maybe  somewhat  sii^lified 
however,  the  material  covered  should  be  applicable  anywhere. 

It  is  hoped  that  this  handbook  will  not  only  be  an  aid  to  the  student 
attending  the  school  but  will  be  a  ready  reference  for  him  and  others  engaged 
in  flight  testing. 


LIST  OF  SYMBOLS  AND  ABBRE7IATI0NS 


SYMBOL 

NOMENCLATURE 

UNITS 

a 

Speed  of  sound  -  38o967 

kts 

a 

Acceleration 

ft/see/sec 

A 

Area 

ft^ 

*6 

Equivalent  Flat  Plate  Area 

ft^ 

AR 

Aspect  ratio,  b^/S,  b/c 

b 

Wing  span 

ft 

BHP 

Brake  horsepower 

550  ft-lb/sec 

BHP, 

Brake  horsepower  (available  std) 

550  ft-lb/sec 

BHPo 

Brake  horsepower  chart 

550  ft-lb/sec 

BHPt 

Brake  horsepower  test 

550  ft-lb/sec 

3'IP. 

s 

Brake  horsepower  standard 

550  ft-lb/sec 

3!!F3> 

Brake  mean  effective  pressure 

Ib/in^  °  "V 

3SPC 

Brake  specific  fuel  consuiiqf>tion 

Ib/bhp-hr  1 

BTU 

British  Thermal  Unit 

778  ft-lbs 

0 

Wing  chord 

ft 

C 

Constant 

°C 

Degrees  centigrade 

Od 

Drag  coefficient 

COi 

Induced  drag  coefficient 

Mach  drag  coefficient 

% 

Parasite  drag  coefficient 

°L 

Lift  coefficient 

Cp 

Pressure  coefficient  ■  ^^p/q 

®ic 

• 

i 


Toixiue  coefficient 

Op 

Thrust  coefficient 

D 

Propeller  diameter 

ft 

D 

Aerodynamic  drag 

lb 

D 

Distance 

ft 

dh/dt 

Rate  of  climb  (tapellne) 

ft/ndn 

dh«/dt 

Rate  of  change  of  specific  energy 

ft/sec 

• 

Oswald  efficiency  factor 

6 

Internal  energy 

ft-lbs 

Et 

Total  energy 

ft-lb 

Kinetic  energy 

ft-lb 

Ep 

Potential  energy 

ft-lb 

ESHP 

Equivalent  shaft  horsepower 

550  ft-lb/sec 

ETHP 

Equivalent  thrust  horsepower 

550  ft-lb/sec 

f 

Equivalent  parasite  area 

ft2 

F 

Thrust 

lb 

F 

Force 

lb 

Op 

Degrees  fahrenheit 

Fe 

Excess  thrust 

lb 

P 

Gross  thrust 

lb 

Fn 

Net  thrust 

lb 

FAT 

Free  air  temperature 

degrees 

F*U, 

Fuel  used 

lbs 

g 

Acceleration  due  to  gravity 

32a7U  ft/8*c2 

h 

tapellne  height 

ft 

11 


Energy  height,  specific  energy 

ft 

H 

Height 

ft 

H 

c 

Calibrated  height 

ft 

«ic 

Instrument  corrected  height 

ft 

»i 

Indicated  height 

ft 

^«pc 

Altitude  position  error  correction 

ft 

^“ic 

Altimeter  instrument  correction 

ft 

"Hg 

Inches  of  mercury 

hp  or  HP 

Horsepower 

550  ft-lb/sec 

in 

Inches 

IAS 

Indicated  airspeed 

kts 

J 

Advance  ratio,  V/ND 

K 

Constant 

k 

Constant 

OK 

Degrees  kelvin 

L 

Length 

ft 

L 

Uft 

lbs 

lb 

Pounds 

m 

Mass 

t 

rt 

Mass  flow  rate 

Ibe/seo 

M 

Mach  number,  free  stream 

min 

minutes 

I-IP 

Manifold  pressure 

inches  Hg 

MAC 

Mean  aerodynamic  chord 

ft 

n 

Load  factor 

ill 


N 

Engine  speed 

rpm 

P 

Pressure 

Inches  Hg. 

P 

Power 

ft-lb/sec 

J*. 

Ambient  pressure 

inches  Hg 

Ps 

Static  pressure 

Inches  Hg 

Pt 

Total  pressure 

Inches  Hg 

Compressor  Inlet  total  pressure 

Inches  Hg 

% 

Tailpipe  total  pressure 

inches  Hg 

PIW 

Brake  horsepower  corrected  to  sea 
level j  standard  weight 

PSI 

Pounds  per  Square  Inch 

Q 

Torque 

ft-lbs 

q 

Dynamic  pressure 

% 

pt  -f. 

in  Hg 

in  Hg 

R 

Gas  constant 

ft^/®K  sec^ 

OR 

Degrees  ranklne 

R 

Radius  of  turn 

Nautical  miles 

R»,  Re 

Reynolds  number 

R/C 

Rate  of  climb 

ft/min 

n/D 

Rate  of  descent 

ft/min 

s 

Wing  area 

C\J 

Sp 

Flat  plate  frontal  area 

CM 

S. 

Air  distance  from  takeoff  to  5C  feet  or 
air  distance  from  $0  feet  to  touchdown 

ft 

Sg 

Ground  roll 

ft 

iv 


std,  s 

Standard 

SFC 

Specific  fuel  consumtion 

Ib/hr 

SHP 

Slip 

Shaft  horsepower 

T 

Temperature,  absolute 

or 

t 

temperature 

or  °F 

T 

Thrust 

Ib 

t 

Time  seconds,  minutes,  hours 

Ta 

Ambient  temperature 

^  or 

Ti 

Indicated  temperature 

Or  or  °K 

"^ic 

Instrument  corrected  temperature 

Or  or  Ok 

Std  sea  level  temperature 

or  Ok 

fs 

Std  day  temperature 

®R  or  Ok 

Tt 

Test  day  temperature 

®R  or  °K 

O’ 

Std  ambient  temperature 

Or  or 

Test  ambient  terperature 

®R  or 

m 

Test  Total  Temperature  at  Compressor  Inlet 

®R  or  °K 

T 

t 

2^ 

Std  Total  Temperature  at  Compressor  Inlet 

°R  or  °K 

s 

T,  D. 

Touchdown 

T.O. 

Takeoff 

u 

velocity 

ft/sec 

V.  V 

Velocity,  airspeed 

ft/sec  or  kta 

V 

Volume 

ft^  or  in^ 

V 

avg 

Average  velocity 

ft/sec 

V 


Indicated  airspeed  kts 

Instrument  corrected  airspeed  kts 

Calibrated  airspeed  kts 

Equivalent  airspeed  kts 

True  airspeed  kts 

Ground  speed  kts 

Airspeed  compressibility  correction  kts 

Instrument  correction  for  airspeed  kts 

Airspeed  position  error  correction  kto 

Maximuii  airspeed  kts 

Minimum  airspeed  kts 

Stall  speed  j^s 

Wind  speed  kts 

Specific  wt  Ib/ft^ 

Air  flow  Ib/sec 

Fuel  flow  Ib/sec 

Std  weight  lb 

Test  weight  lb 

Angle  of  attack  degrees 

Propeller  blade  angle 

Angle  between  propeller  plane  of  rotation  degrees 

and  the  chord  line 

Chord  wise  circulation 

Climb  or  descent  angle  degrees 

Ratio  of  specific  heat 
An  Incremental  change 


Sea  Larel  std*  condltiOTa^^H 
Std  day  conditions  *bBH 
Test  day  conditions 
Total  or  stagnation  conditions 
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1.1.2  a  '''•li;:  The  unit  ol  'c.i:io  is  called  the  svoond,  ol'ily  socoaIs  ’•y'kc 
up  a  rilnnto  nr.d  siMtv  -■'j-nutes  ai’c  l<u\c>1  to  on«.  *';our. 

1.1.2  b  tt'-'..!  tA"!!.-:'..  systosi  Xi  it  c.i  is  tb:*  Toct^  ttTplra  :u'.cl\es 

compilso  a  I'oot  ruvi  iont  aro  oqurl  to  rinv  t  “rc  doct  arc  oc  ic.l  to 

0!ici  statute  Mil.;. 
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1.1.3  QUANTinESt  Two  types  of  quantities  axv  used  in  tho  neasurcTnent  of 
energy  and  natter:  the  scalar  quantity  and  the  sector  quantity. 

1.1.3  a  SCALAR  QUA^TTITT:  The  scalar  quantities  ha^e  only  magnitude.  No 
direction  Is  required  with  this  type  of  quantity.  Tine,  length,  speed,  mass 
and  volume  are  typical  scalar  quantities.  Scalar  quai titles  can  be  added 
and  subtracted,  miraerlcally. 

1.1.3  b  VECTOR  QUAKTITT:  The  vector  quantity  must  have  both  magnitude  and 
direction  to  be  coa5)letly  known.  Force,  velocity,  acceleration  and  weight  are 
exairplej  cf  V3ctcr  quantitios.  A  vector  quantity  Cf*n  bo  roprosentesd  by  a 
straif^t  line,  the  d:-i*ection  of  which  represents  the  d5.rection  of  the  vector 
and  the  length  represents  the  magnitude.  It  is  common  practice  to  let  an 
arrowhead  represent  the  direction  of  the  vector.  Vector  quantities  must  be 
added  and  subtracted  vectorially.  Consider  three  forcos  acting  on  tho 
center  of  gravicy  of  an  object.  (Figure  1.1.1a) 


Figure  1.1.1a 


Figure  1.1.1b 


Thefje  vectors  can  zt  addtd  boiiet.hor  ’iorisLir^:^-.  Fi^irrc-  2.,1.3-b  V..’ato3 

the  method  whe-re  the  bhiMc  vectors  ri-a  cor.ioinoil  tz  gi*."c  t!;c  P..  'Jho 

general  rule  13  ti'.at  the  tail  one  vocter  is  olciocd  at  the  hf,ad  oi*  tiio 

preceeding  vcctorc  The  resultant  of  tlu.  vectors  is  dravm  froii  the  tail  of 
the  first  vector  to  the  ho£.d  of  the  last  vooto:.%  lioi-:  all  tln-eo  of  the  original 
vectors  can  be  r-ep?_acod  by  the  rf^sultant  R  Tvlth  no  enaiVi:®  cui  ths  sj'stom.  Mariy 
problems  arc  concorr^cd  v/ith  only  Ujc  vectors.  The  rcsiLltaot  can  bo  solvod 
using  the  lav  of  cost  les  or  the  Ir;-:  cf  paraij.olog.'ar-i  zr.  illustrated  in  Figui'.:. 
1.1.2a  and  1,1.2b, 


Lau  cf  Cosinec 


W-.  i  e.  ouii^ 


If  Mor#  than  two  vactors  ara  to  ba  addad  it  is  raconMndad  that  aach  yactor 
ba  broken  down  into  horizontal  and  vartical  coaponants.  All  horizontal  and 
vertical  components  ara  than  suniiad  up  and  tha  resultant  is  found*  This 
brings  out  tha  fact  that  a  yactor  may  ba  broken  down  into  a  number  of 
conqponents*  Tha  resultant  aerodynamic  force  on  an  airfoil  can  ba  broken  down 
into  components  that  ara  parallel  and  perpendicular  to  the  relatiya  wind* 
Figure  l*l*3a*  These  forces  are  known  as  drag  and  lift*  Tha  resultant  can 

also  ba  broken  down  into  coiqponants  that  ara  parallel  to  and  perpendicular  to 

> 

tha  chord  of  the  airfoil.  These  force  ara  rafared  to  as  tha  chordidsa  drag 
force  and  tha  normal  lift  force*  Figure  l*l*3b* 
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Figure  1,1.3a 


Figure  1*1* 3b 


1,1, COIKPOSITIQI  Or  FORCES:  A  force  is  an  action  exei’ted  by  one  body  on 
another  that  tends  to  change  the  state  of  motion  of  the  body  acted  upon.  The 
pull  of  the  earth  on  bodioc  which  anj  at  or  njsjr  its  surface  is  easily  ob;-^e:%'od 
and  is  used  as  a  system  of  units  in  which  to  ii»?jrjre  other  forces.  These  units 
of  force  are  imerwn  asgraritational  units  of  force,  A  force  of  one  pound,  jr.  a 
force  equal  to  the  force  with  which  the  ea2*th  atti'aces  a  mass  of  1  p-rj-id. 

The  weight  of  a  body  is  the  r.icasui’e  of  the  attraction  of  the  earth  of  th^2 
amount  of  mass  that  the  body  coiu-aiiis,  V/hen  any  doubt  xziv'uB  as  tc.  th-3 


specification  of  a  pound  of  mass 


02’  a  pciu'.d  of  forc;c  the  teiin  pound-^ight 


T-all  be  used  to  describe  the  unit  of  force. 


l#l#5a  KOI-in’T  OF  FORCE  -AICD  TORQUE:  The  moment  of  a  force  (or  what  is 
called  a  moment)  is  equal  to  the  product  of  the  ferric  times  the  parp^r.dicuiar 
distance  from  the  force  to  tha  reference  axis  or  :.ontt.»T  of  rct.utior,  '.'ho  mordent 
is  often  called  torqu*-:.  Consider  Figic.-o  i,'.,*;  in  which  a  force  F  ha:  uoon 
resolved  into  coirrpoj'.cri r.  F--  aivi  F...  The  moment  (T-rrittcn  M)  of  tho 


F  about  an  axis  through  0  is 


In  ordtr  to  facilitat#  bookkMping,  so  to  spssk^  a  sign  conysntion  mat  bs 
adsptsd,  Clockwiss  ■ooents  about  an  arts  ars  positive  in  this  discussion. 
Accordingly^  since  forca  F  is  equivalent  to  the  force  system  Fy  plus  F^^  in 
Figure  1,1«U>  then  also 

Mo  .  F-d  -  (Fx)y  -  (Fy)3C 

Exaii?)les  of  moments  are  known  to  all.  For  instance ^  n  water  wheel 
simply  utilizes  gravitational  pull  (force)  on  water  contained  in  buckets  on 
the  wheel  circumference  to  turn  the  wheel  and  do  useful  work.  Consider  the 
familiar  balance  scale  consisting  of  a  beam  free  to  rotate  about  some  ndd 
po:  nt ,  one  end  of  which  is  loaded  by  an  object  of  unknown  weight  and  the 
other  with  a  collection  of  known  weights.  The  amount  of  the  known  wei^ts  is 
varied  until  the  system  is  in  balance  or  equilibrium.  As  a  last  exaiqjle, 
consider  the  torque  wrench  of  Figure  1.1.5* 
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In  this  cas«  &  force  of  fifty  pounds  is  being  applied  at  a  morabnt  su-Tn  of  one 
foot  about  axis  0-0,  In  other  vords  the  applied  toj'que  to  axis  0-0  is  ^0  ft, 
lbs.  (50  lbs  X  1  foot). 

1.1.5  b  RESOLUTION  OF  A  FORCE  INTO  A  FORCE  AND  A  COUPLE: 

Occasionally  the  analysis  of  a  proble^n  may  be  simplified  if  the  line  of 
action  of  a  force  can  be  shifted.  Figur*e  1,1.6a  portrays  an  object  undei-  the 
influence  of  force  P  as  shown.  For  anidytic  pmpobee,  it  is  desired  to  sliift 
the  line  of  action  of  fc/ce  P  from  its  original  location  to  pass  through  point 
O',  To  accoTTiplish  this,  forcas  parallel  to  P  and  of  the  same  magnitude  and  of 


Figure  1,1,6c 


'-7 


the  same  and  opposite  sense  can  be  drawn  through  0*  without  changing  the  force 
system  in  any  way,  since  the  resultant  of  the  added  system  is  zero.  This  is 
illustrated  in  Figure  1.1.6b.  If  a  is  the  perpendicular  distance  between  the 
line  of  action  of  force  P  and  point  0*,  it  is  seen  that  force  P  is  equivalent 
to  the  same  force  P  acting  through  0*  plus  a  clockwise  moment  equal  to  Pa. 

This  is  shovm  in  Figure  1.1.6c. 

As  a  practical  illustration  of  this  process,  consider  the  airfoil  section 
of  Figure  l.lc7«  The  line  of  action  of  the  resultant  aerodynamic  force  on  the 
airfoil  passes  through  the  center  of  pressure.  The  chordwise  location  cf  the 
center  of  pressure  on  a  non-symetrical  airfoil  is  subject  to  change  with 
changes  in  angle  of  attack.  This  tends  to  complicate  the  analysis  of  the  lift 
effects  on  the  overall  flying  qualities  of  the  aircraft  for  reasons  which  will 
be  explained  later  in  the  course* 


Figure  1.1.7 
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Current  practice  is  to  chanre  the  point  '..t  acpi^j.cation  of  the  resu.lta.it 
aerodynamic  force  firom  the  csntor  of  pressure  to  the  aeT'cdyAarcic;  center*  TpJ.s 
can  be  done  by  moving  the  force  R  fj'om  the  Cop*  to  the  a..:*  and  supplying  a 
momait  equal  in  magnitude  to  R  timss  the  pe.rpendi cular  distanos  from  c*p« 
to  a.c*  For  slov;  speed  flight  the  aerodynamic;  center  remains  relativ.ely  fixed 
at  different  angles  of  attack  and  this  is  found  to  be  a  definite  advantage  in 
stability  work* 

1.1.6  a  EQUILIBRIUI-I: 

If  the  forces  acting  on  a  body  reither  tend  to  change  the  body's  transla¬ 
tion  or  rotation,  the  body  is  said  to  be  in  ecu  iii.brium*  .Tn  a  three  dimensional 
order  (length,  width,  and  depth;  it  is  convenienr  to  \ise  a  three  axis  system 
to  catalogue  all  the  forces  acting  cn  a  br;dy„  Consider  Figure  1.1.8  in  which 
an  airplane  is  dra:^  about  its  accepted  axis  system.  The  origin  of  the  axis 


Figui  a  i.1,8 


static  equilibrium  of  the  aircraft  or  any  other  three  dimensional  body  are: 


The  symbols  *  0  are  to  be  read  as  "the  summation  of  all  the  forces  in  the 
X  direction  equals  zero"  while  the  symbols  ^  *  0  are  to  be  read  as  "the 
summation  of  the  moments  of  all  the  forces  about  the  x  axis  equals  zero*" 

These  are  the  conditions  under  which  the  aircraft  must  operate  if  the  lii^aft 

s  * 

is  stationary  or  moving  along  a  straight  and  level  flight  path  at  a  constant 
velocity o 

1.1.6  b  EQUILIBRIUM  OF  COPLAII.^  FORCE  SYSTEMS: 

Although^  this  is  a  three  dimensional  world,  it  is  of  ter  possi^jle  to 
simplify  an  aialysis  of  a  problem  by  xrorking  with  two  dimensional  models* 
Consider  the  weightless  beam  of  Figure  1.1*9  in  which  all  the  forces  are  aetinc 
in  the  plane  of  the  paper.  The  problem  is  to  determine  the  magnitude,  point  of 
application  and  inclination  of  force  R  required  to  bring  the  system  into 
equiLibrium.  For  the  two  dimensional  case 


Q50# 


X 

Figure  1*1.9 
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presented,  the  conditions  for  egni  lihrinm  are; 


%  =  0 

^  I'^any  point  =  0 


By  the  numbers,  a  general  method  of  solving  these  type  problems  would  be 
as  follows: 

!•  Choose  an  axis  system  and  sign  convention  (clockwise  moments  are  plus. 


etc). 


2.  Sum  the  forces  in  each  applicabj.e  dii’ecticn  (should  equal  zero  if  the 
system  is  in  equilibrium}* 

3.  Select  a  point  about  which  to  tal^e  poneiits.  It  is  usually  most 
convenient  to  select  this  point  under  a  known  force. 

lie  Sum  the  moments  about  the  selected  poiut  (sho  .Id  equal  zero  if  the 
w/stem  is  in  equilibrium),  iteyjeat  steps  as  necessaiy  until  all  the  uruoewr' 
quantities  are  clear. 

Using  the  abo\e  irftho-j,  the  oi'oMer  oi  Fir^’e  %',7  wocld  be  worked  i-i 
the  folloulnf^  manner: 

(1)  The  selected  axis  syscem  cuud  sigr;  conventr.or.  j-s  ss  indicated  ir  v.r.e 
Firure. 

^  ^y  ~  0  -  2ju  -  .'.53  cot*  i+o  ^  Ry  =  0 

-  250  -  106  +  -  0 

Rj-  =  356  los 

®  sin  U5^  +  0 

Rx  -  i06  lbs 

R  =A/Rx^  R^/  =  102^i.l2  +  12.57  =  372  lbs 

0  -  tan--  -  tan-1  ^  --  73.’;*^ 

lOo 
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0 


(3.  h)  2;«b- 


-250  (20)  ♦  Ry  (20  -  x)  -  0 

X  •  -5000  +  7120  -  5.97  f*et 

- 555 - 


If  the  student  is  unfaalllar  with  these  uethodSt  it  vould  be  wortlnHille  to 

1 

'  rework  the  above* 

1*1.7«  CENTER  OF  QRAVITT: 

The  center  of  gravity  of  an  object  has  been  defined  as  that  point  where 
the  entire  mass  of  an  ^object  may  be  considered  to  be  concentrated  without 
having  gravity  affect  the  system.  The  weight  of  an  object  is  si>5>ly  the  force 
of  gravitational  pull  or  a  body  by  the  earth*  A  body  is  made  up  of  a  number 
of  small  parts,  each  of  which  is  attracted  to  tlie  earth*  The  weight  of  the 
body  is  therefore  the  resultait  force  of  all  the  gravitational  forces  acting 


on  each  of  the  small  parts  rfThe  line  of  action  of  this  resultant  gravitational 


r 


The  bar  is  pivoted  at  point  A.  If  point  A  coincides  with  ths  center  of 
gravity  of  the  mass  system  conrdsting  of  the  bar  and  tvc  weights,  then 
the  bar  and  two  weights  could  be  replaced  idth  a  res'J.ltant  force  of  1;0 
pounds,  with  no  apparent  change  in  the  equilibrium  of  the  system. 

Obviously,  it  would  be  impossible  to  balance  the  bar  ar^  weights  upon  knife 
edge  A  at  some  point  not  coincident  with  the  center  of  gravity  of  the  system, 
since  the  line  of  action  of  the  weight  (forc.=»)  of  the  system  would  have  an 
unbalanced  moment  about  the  nev;  pivot  point. 

1.1.8  TfPSS  OF  MOTION: 

D 

VIhen  a  body  moves  continuously  in  the  same  diiectio:*  it  is  said  to  have 
a  notion  of  TRANSLATION,  An  airplane  mcving  cowr-  a  ioni/ay  or  a  piston  sliding 
in  a  cylinder  are  illustrations  of  motions  of  translation.  If  a  body  tupio 
about  a  fixed  axis  it  has  a  motion  of  ROTATION,  The  flywheel  of  a  gaacliiio 


engine  or  the  rotation  cf  a  ha.11  about  its  centroid  as  it  rol?jp  dc«ti  fj: 

Incline  are  exairples  of  mjtlons  of  rotation.  In  the  latter  csr.e,  the  is 
exhibiting  both  rotation  and  ti'snc  lation  If  a  cy%;  i-e-'orses  its 

motion  from  time  to  time  and  rt turns  to  its  or:i.gi'':a;i  •p'':ciliT*i  at  regular  oi’ 
irregular  intervale,  it  is  said  to  have  a  motion  of  VIBRATION  or  OSCILLATION. 

A  weight  bouncing  on  the  end  of  a  sp.ring  or  the  b:.h  weight  on  the  pcsrc'i'lva.; 
of  a  clock  exhibit  motions  of  vibration,  Oo  :av;i  onaliy  a  body  will  ti.n.cJ.biv. 
all  three  types  cf  motion  similtanecuwjy,  A  s'oinning  air’craft  for  fX"o''’(Tplc 
way  translate  toward  the  grourd  at  it  rotates  about  some  fixed  veiidcal  axis 
while  the  bank  aid  pitch  angles  vary  cyclically  between  fixed  ij.niits. 


1.1.9  NEWTONS  THREE  LAWS  OF  MOTION; 

Newton's  three  laws  of  motion  are  basic  tools  of  the  phy’uicist  on*  uny- 
<me  concerned  with  tne  motion  of  any  type  of  matter  -  gaseous,  liqu1.d  or  solid. 
Briefly  stated,  the  laws  read  as  follows: 


1«  Evezy  body  continues  in  a  state  of  rest^  or  uniform  motion  in  a 

a 

straight  line,  or  uniform  motion  of  rotation  about  a  fixed  axis,  unless 
compelled  to  change  the  state  of  motion  by  the  action  of  some  external  force* 

Inherent  In  the  First  Law  Is  the  concept  of  Inertia  which  is  that  property 
of  matter  by  virtue  of  which  It  tends  to  remain  at  rest  or  in  unlfom  motion 
unless  acted  upon  by  external  forces*  Bodies  show  of^sltlon  to  being 
translated  or  rotated*  The  na^iltude  of  this  opposition  to  translation  is 
proportional  to  the  mass  of  the  boc^*  The  magnitude  of  the  Inertial 
opposition  to  rotation  Is  depends!  on  the  mass  distribution  as  well  as 
total  mass* 

2«  The  time  rate  change  of  momentum  of  a  body  Is  proportional  to  the 
Impressed  force,  or 

F  •  d  (mv,?,  Equ«U«i  1.1.1 

dt 

The  linear  momentum  of  a  body  is  equal  to  the  product  of  its  mass  times 
velocity*  Thus  a  one  pound  ballet  moving  with  a  velocity  of  one  hundred 
(100)  feet  per  second  would  have  a  linear  momentum  of  100  ft*  poundr  per 

4 

second  (l  x  100  =  100)*  If  a  constant  drag  force  of  ten  (10)  pounds  were 
suddenly  to  be  applied  to  the  one  pound  bullet,  the  velocity  would  decrease 
at  the  rate  of  322  ft/sec  *  As  shown,  assuming  the  mass  m  remained  constant: 

F  »  d(m  v) 
dt 
or 

F  *  W  a 

g 
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*  m  /  d  v\ 

*  n  a 

\d  U 

*  9 

•• 

or  a  ■  F  g 

-  (-10) (32.2) 

W 

1 

The  minus  sign  in  front  of  the  ten  signifies  a  negative  or  decelerating  force. 
Perhaps  a  word  is  due  on  units.  The  stan'''ard  units  of  mass  in  the  work  here 
is  the  slug.  A  mass  of  one  slug  vjill  have  a  weight  of  32.2  pounds  at  the 
earth*s  surface  and  the  weight-mass  relationship  is  given  as: 

m  =  W/g  Equation  1.1.2 

where  g  is  the  acceleration  due  to  gravity.  The  normal  acceleration  due  to 
gravity  is  32.2  ft/sec^  at  the  earth's  surface,  although  this  value  »dll 
decrease  with  altitude.  The  units  of  linear  acceleration  should  be  apparent 
from  its  definition.  Acceleration  is  the  time  rate  of  change  of  velocity.  If 
a  graph  is  made  of  the  tine  history  of  the  velocity  of  a  body  as  in  Figuiv: 
1.1.11 


Figure  1,1.11 

the  acceleration  at  any  uime  t  is  equal  to 

a  *  lim  - 

At->o  ^t 

The  conservation  of  momentum  can  be  stated  that  in  an  enclosed  system 
the  total  momentum  will  remain  unchanged  if  no  external  forces  are  applied. 


sec 


3«  To  every  action^  there  is  an  equal  and  opposite  reaction. 

Newton *8  Third  Law  is  familiar  to  every  thinking  man.  If  a  man 
presses  on  a  wall  with  a  force  of  ten  pounds,  the  wall  imist  press  back  with  the 
same  force.  As  the  jet  pilot  increases  his  engine  rpm  preparatory  to  taxiing, 
the  airplane  remains  stationary.  The  engine  thrust  force  acting  forward  is 
resisted  by  the  friction  on  the  wheels  and  the  inertia  of  the  airplane. 

Finally  the  forward  thrust  attains  a  value  sufficient  to  overcome  the 
resisting  forces,  and  the  aircraft  starts  to  move  in  accordance  with 
Nevrton's  Second  Law. 

1.1,10  EQUATIONS  OF  LINEAR  MOTION: 

In  flight  test  work  we  are  concerned  xTith  equations  of  linear  notion. 

The  basic  equation  is  that  a  body  traveling  at  a  constant  velocity  for  given 
period  of  time  will  traverse  a  specified  distance. 

S  *  Vt  Equation  1.1.3 

If  the  body  started  vdth  a  constant  velocity  and  accelerated  at  a  constant 
rate  of  acceleration  for  a  period  of  time  a  constant  final  velocity  would  be 
obtained. 

Vf  *  Vq  ^  at 

a  *  ^f  -  ^  0 
t 

Now  if  ^0  *  0  it  is  seen  that  Vf  *  at.  The  average  velocity  * 

^0  *  0  (O  +  at)  *  at 

2  5  5- 

Distance  traveled  at  the  average  velocity  for  the  period  of  time,  S  ■  •  t 

at  (t)  *  at  .  Now  if  the  body  was  moving  at  a  constant  velocity  at  the 
'2  2 


start  of  the  acceleration. 


the  total  distance  covered  would  be 

S  =  Vq  t  +  at^ 

2 

Going  back  to  the  original  equations 

S  =  1  at^  and  t  *  then  t^  * 

2  a  ^2 

substuting  S  =  1  a 

2  ^2  n 

or  2  a  S  = 

if  the  body  had  an  original  velocity 

2  2 
V  2  a  S  =  Vf 
o  ^ 

The  above  equations  are  summarized  as  follows: 


S  •  ^avgt  '  pi  (if  '^0  *  0) 

Equation  l,l.!j 

V£  *  Vq  +  at 

Equation  1.1.5 

S  *  Vq  t  +  at^ 

Equation  1,1,6 

V(j2  +  2  a  S  = 

Equation 

1.1.11  El^EPGY; 

Energy  is  defined  as  the  ability  to  do  work.  The  work  required  to  stretch 
a  spring  is  stored  up  as  potential  energy  in  the  spring.  The  important  prirciple 
of  the  conservation  of  energy  merely  states  that  in  any  body  or  system  of  bodies, 
the  total  amount  of  energy  will  remain  unchanged  if  the  system  is  neither 
giving  up  or  receiving  energy.  The  energy  may  be  transformed  from  one  form  to 
another  such  as  heat  and  light,  but  the  total  amount  of  energy  in  the  system 
will  remain  unchanged,  POTENTIAL  energy  is  the  energy  a  body  has  because  of 
its  position.  Lifting  a  mass  above  the  surface  of  the  earth  stores  potential 
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energy  in  the  body^  since  the  pull  of  gravity  drawing  the  body  back  to  the 
earths  surface  is  capable  of  being  used  to  do  useful  work*  KINETIC  energy 
is  the  energy  a  body  has  because  of  its  motion*  Any  body  in  motion  is  able 
to  move  other  bodies  by  colliding  with  them  and  it's  possible  to  refine  this 
collision  so  that  useful  work  is  done* 

1.1*12  WORK  AND  POWER; 

Work  is  equal  to  the  product  of  the  force  doing  the  work  times  the  distance 
through  which  the  force  moves  the  object  of  the  work*  As  such^the  units  of 
work  in  our  convention  are  foot  pounds.  Power  is  simply  the  time  rate  of  doing 
work*  Power  is  therefore  measured  as  foot  pounds  per  unit  time*  The  ^glish 
unit  of  power  is  called  horsepower  which  is  equal  to  550  ft-pounds  of  work  per 
second* 

1.1.13  THE  MEASUREWan:  OF  ENERGY: 

The  measure  of  the  potential  energy  which  a  boc^  has  by  virtue  of  its 
position  is  equal  to  the  woTk  spent  in  lifting  the  bO(i^*  The  increase  in 
potential  energy  of  a  500  pound  weight  lifted  ten  feet  in  the  air  for  example 
is  equal  to  5000  ft-lbs  as  shown* 

Potential  Ehergy  •  VJork  spent  lifting  the  weight 

Potential  Energy  ■  F  x  d  ■  W  h  Equation  1.1*8 

Potent! -.I  Ehergy  ■  500  x  10  ■  5000  ft.  lbs* 

The  measure  of  the  kinetic  energy  which  a  body  has  by  virtue  of  its 
motion  is  equal  to  the  work  expended  in  order  to  move  the  body  at  a  certain 
speed.  In  stopping,  the  body  will  give  up  an  amount  of  energy  equal  to  the 
work  done  in  starting  the  motion  if  losses  due  to  friction,  drag  and  so  on  are 
neglected. 
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Kinetic  Energy  *  Work  spent  in  accelerating  boc?y  to  velocity  v 

Kinetic  Energy  ■  F  x  S  ■  (ma)  (l  at^)  assuming  uniform  acceleration 

? 

or  Kinetic  Energy  *  (m  v  )  (1  v  t^)  =  l  m 

t  2  t  I  Equation  1.1.9 

ThuSj.the  Kinetic  Energy  a  500  lb  weight  would  possess  by  virtue  of  its 

velocity  of  10  ft/sec  is  776  ft-lbs.  as  shown: 

KE  -  1  m  v^  »  1  W  v2  -  1  5oo  (10)^  -  776  ft.  lbs. 

7  7  g  ?  30 

l.l.lli  TOm  ENERGY: 


The  total  energy  of  a  body  may  be  coiqposed  of  potential  energy,  kinetic 
energy  and  rotational  energy.  An  artillery  projectile  in  flight  has  a  total 
energy  which  consists  of  all  three  t^/pes*  For  flight  test  applications  we  are 
primarily  concerned  with  potential  and  kinetic,  and  will  assume  that  the  rotational 
energy  is  zero.  An  expression  for  the  total  energy  is  now 


E^  *  potential  energy  •»■  kinetic  energy 

2 

E.  ■  Wh  +  W  V 

^  tf” 

Units 


Equation  1.1.10 


E  =*  f t  -  lbs 


W  lbs 


h  *  f  t 
V  «  ft/sec 
g  *  ft/sec^ 

The  introduction  of  the  turbojet  and  rocket  engine  has  expanded  the  flight 
envelop  of  an  aircraft  to  values  where  an  energy  analysis  is  oft«i  convenient 
in  determining  climb  schedule^  zoom  and  dive  potentials,  acceleration  time 
in’.crvnls,  turning  performance  and  range.  Section  3.6  describes  in  detail 
the  energy  concept  of  flight  test  work. 
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1«2  DDiaiSIOlI.M  AI^ALYSIS 
1.2*1  INTRODUCTION 

Dimensional  analysis  is  a  tool  vihich  in  its  siii?)lest  form  is  used  every 
day  in  checkinc  the  validity  of  algebraic  expressions.  In  its  more  sophisticated 
forms  it  is  a  powerful  tool  for  reducing  a  large  number  of  variables  in  a 
problem  to  a  minimum  number  of  nondimensional  parameters.  Under  certain 
conditions  when  there  are  not  too  many  variables  it  is  possible  to  derive  an 
equation  directly  from  the  functional  relation  f  (l^m^n)  *  0. 

It  is  the  purpose  of  this  section  to  present  some  of  the  uses  of 
dimensional  analysis  along  with  some  principles  and  techniques  required  to 
apply  it  to  specific  problems. 

1.2.2  DIME2ISI0:!AL  CHECKH^G 

VJe  all  sh'  aid  be  familiar  with  the  process  of  dimensionally  checking 
algebraic  equations.  It  simply  involves  the  principle  that  the  dimensions 
of  the  quantities  that  appear  on  the  left  side  of  an  equation  must  equal  those 
on  the  right.  For  instance,  the  distance  traveled  is  equal  to  the  velocity 
ti’ies  the  time  enrouto 

d  *  V  t 

To  dimensionally  check  this  expression  we  substitute  the  appropriate  dimensions 
where  L  is  the  units  of  length  and  t,  is  the  units  of  time.  Substituting  the 
appropriate  units  in  the  above  expression  we  obtain 

L  *  L  X  t 
t 

or  L  *  L 

Thus  the  expression  is  dimensionally  correct. 
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1.2.3  DEPJviTio'^  OF  :’:cuatij:3  Fim-i  rei,.oto::ship5 

V7e  now  vjant  to  beco  ie  fanillar  vri-  th  th  ■*  more  advariced  techniques  of 
dimensional  analysis,  T;-;o  thinfs  are  required  to  attack  a  particular  problem. 
First,  we  must  know  all  of  the  variables  in  the  problem,  f  (ijm^n, . , . . 

It  does  not  matter  if  we  have  too  many  variables  in  the  functional  relation¬ 
ship  but  vje  must  not  fail  to  include  the  primary  ones.  It  is  vjell  to  keep 
unnecessary  variables  to  a  minitoum  since  it  complicates  the  mathematics  in  the 
derivation.  Second,  we  must  set  up  a  consist ar.t  dimensional  notation.  Two 
sets  of  basic  dimensions  are  available.-  ■v.Tie  is  tne  mass,  lengthy  time,  (MLt) 
system  and  the  other  is  the  force,  len,jtri,  time  (F,L,t)  system.  Regardless 
of  which  system  is  used  the  final  result  will  be  the  same.  Since  the 
beginning  student  has  a  better  feel  fer  units  of  force  than  for  units  of  mass 
the  (i  ,L,t)  system  will  be  usei.  To  facij_Ltate  the  use  of  dim.ensional  analysis 
we  idll  include  a  table  of  commonxy  cccunring  variables  in  tenas  of  their  basic 
dimensions. 


TA3I£  I 


Dn-rscsTON 

UiITTS 

Length 

L 

Area 

L'- 

Volume 

T  J 
i-* 

Velocity 

-  f 

L»  C 

Acceleration 

L/t’^ 

Ilass  =  vj 

Ft^ 

C 

L 

Pressure 

F/L^ 

1 


Rotational  Speed  (RPM) 

1/t 

Temperature  QC  Energy 

L^/t^ 

Density 

Ft^ 

iT 

Viscosity 

n/i? 

To  illustrate  the  principle  of  diraensicnal  analysis, let  us  derive  the 
equation  of  state  and  include  an  unnecessary  variable.  Let  us  suppose  that 
we  have  no  idea  of  the  form  of  the  equation.  Further  more  let  us  say  that 
we  observe  that  pressiu'e  varies  i-rith  density  and  temperature  but  v/e  are  not 
sure  whether  it  varies  with  viscosity  or  not,  so  let's  include  it  as  a  part 

of  the  analysis. 

P  *  f 

From  our  table  we  find  the  basic  dimensional  forms 
P  *  F/L^  ^  «  Ft^ 


T  =  L^/t^ 


-  Ft 


We  can  express  the  above  functional  relationship  as  an  exponential 

equation  with  unknown  exponents,  (a,b,c,d, . ). 

P  =  c|>aT 


where  C  =  a  dimensionless  constant 

We  can  find  the  value  of  these  exponents  by  simultaneously  adjusting  the 
exponents  of  each  basic  dimension  in  such  a  way  that  it  is  the  same  on  both 
sides  of  the  equation.  This  is  done  by  solving  a  set  of  simultaneous  linear 
equations. 


1 
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Substituting;  in  the  basic  dimensions  for  e ,  T  and yO  f  the  equation  becomes, 


Equating  exponents  of  like  dimensions  we  get 
F:  1  -  a  +  c 

L:  -2  -  -ha  -J  2b  -  2v. 


t:  0  ~  2a  -  2b  +  c 


simultaneous  solution  of  tncse  three  equations  gives  the  values  of  tne 
exponents: 

Kultiolying  the  equation  by  2  and  adding  to  tne  '*L”  equation  gives 
-  2b  -  -  2 
b  =  1 

subtracting  the  '•/*■  equation  from  the  "t*'  equation  erd substituting  the  value 
for  b  gives 

a  -  2  -•  -  1 
a  "  i 


Then  from  the  F  equaticn  r  0.  Thus,v:a  see  that  the  equabJ.on  of  stale  i 
a  function  of  the  viscosity  and  that,  even  though  it  was  ip'^luded  in  the 
dimensional  analysis  it  did  not  affect  the  final,  result. 

Substituting  the  values  of  '‘a’*  and  ’‘b''  into  the  e.xponential  equation  g 
the  equation  of  state,  where  the  constant  c  is  really  the  gas  constant  R. 


no’ 


ves 


P  -  C  T 
P  -  T^R  T 


O'' 


C  r 


This  result  can  be  dimensionally  checked  as  before  where  R  la  a 
dimensionless  constant.  NOTE:  In  general^  the  exact  equation  can  not  be  rjJl 
explicitly  obtained  if  more  than  three  variables  are  involved*  Also  note 
that  each  of  the  variables  are  not  dimensionless*  ^ 

1*2*1;  BUCKINGHAN  Pi  THEOREM 

A  variation  of  the  previous  method  is  coimionly  known  as  the  Buckingham  ^ 
Theorem*  It  differs  from  the  previous  method  in  that  it  yields  a  group  of 
dimensionless  parameters  called  TT ^2*  ^^>etc*^ rather  than  the  variables 
themselves  to  some  exponential  power*  It  also  allows  the  prediction  of  the 
number  of  these  parameters  that  will  be  obtained*  In  short,  it  is  simply  a 
more  systematic  means  of  reducing  a  large  number  of  variables  to  a  wintifiM 
iiumber  nondimens'ional  parameters* 

It  should  be  remembered  that  in  general  dimensional  analysis  will  not  giws^j 
the  complete  equation  desired  but  will  only  give  the  proper  functional 
relaUonshlp*  In  the  Buckingham  TT  notation  the  relationship  will  be  of  the  fom 

7^  *  f  (^1,  TT 2$  y  ••••)  *0 

where  7^  1;  ^2^  •••  are  the  dimensionless  parameters  and  TT  denotes  the 

functional  relationship  as  a  whole* 

The  number  of  independent  dimensionless  parameters  that  will  occur  for 
any  specific  problem  is  given  by  n  ,  (the  number  of  variables,  velocity,  pressure, 
density,  etc)  minus  m  (the  number  of  basic  dimensions  (F,L,t)  occurring  in  the 
variables*)  Thus,  if  n  -  m  ■  3  then  three  dimensionless  parameters 
Tx,  1  can  be  obtained*  As  an  example,  let  us  consider  the  variation 

of  velocity  as  a  function  of  distance  and  time*  There  are  three  variables 


(t,  d,  t)  and  two  basic  units  (L,  t);  therefore,  n  -  n  "  1  indicatinc  that 
one  dimensionless  parameter  will  be  obtained*  That  is  the  function 
^  -  f  (v,  d,  t)  -  0 
can  be  reduced  to 

7-  -  f  (T,  )  -  0 

by  use  of  the  Buckingham  7^  Theorem. 

It  should  be  noted  that  the  above  functional  relationship  can  be  written 
in  any  number  of  forms  all  of  which  are  correct. 
f  (v,  d,  t)  *  0 
V  -  f  (d,  t) 
d  -  f  (v,  t) 
t  ■  f  (d,  v) 

In  general,  the  functional  relationship  derived  from  the  Buckinghain 
Theorem  will  be  cf  the  form 

f  (T ^ y 

where  the  number  of  parameters  is  given  by  the  factor  n  -  m* 

The  techniques  of  the  7  Theorem  are  best  explained  by  a  sinqDle  example. 
Let  us  consider  the  previous  equation  of  state  problem.  First  of  all  the 
^^e^ipdent  variables  are  oressure,  density,  temperature  and  viscosity 
(i.e.  n  =  h) 

^  All  three  basic  dimensions  are  involved  so  that  m  is  3.  Thus,  the  number 

of  nondimensional  parameters  that  can  be  expected  is  n  -  m  *  1# 

Writing  in  functional  notation 


4 


/7  .  f  (t^)  -  i  (p,  T,  r,  /^  ) 

or  in  exponential  font 

e 

y*  ,  pa  ■  constant 

any  one  of  the  exponents  can  be  set  equal  to  one  with  out  changing  the  result* 
letting  a  ■  1.0 


TT, 


(P  Tb  ^  c  ^d) 


or  in  dimensional  form 


constant 


Equating  exponents  of  F,  L  and  t 

F:  1  +  C  ♦  d  -  0 

L:  -2  +  2b  -  UC  -  2d  -  0 


t: 


-  2b  ♦  2C  ♦  d 


Simultaneous  solution  of  these  equations  give 


a  ■  1 


-  1 


Thus 


7i  •  _p 

T 


constant 


or 


T  •  £  (V  i)  -  f  (P/(®  T)  -  0 
This  is  the  sa^e  result  obtained  previously. 

More  advanced  examples  of  dimensional  analysis  are  found  in  section 


2c3.1  and  3.2.3a 


In  summary,  dimensional  analysis  may  be  used  to  check  algebraic 
e]q)re8sions,  to  derive  simple  equations  from  the  functional  relatioiu3  such 
as  f  (1,  m,  n,  and  to  at  least  reduce  functional  relatioriships  with 

a  large  number  of  variables  to  a  minimum  number  of  nondimen  si  onal  parameters 
by  the  Buckingham  IT  approach. 

Dimensional  analysis  is  especially  useful  in  flight  testing  since  thei'e 
are  a  large  number  of  aerodynamic  and  engine  variables  wtiich  must  be 
considered  with  no  known  mathematical  relations  connecting  them.  Dimensional 
®^®^ysis  provides  a  means  of  combining  these  variables  into  a  smaller  number 
of  aerocfynamic  and  engine  parameters  which  can  then  be  plotted  and  analysed 
in  a  conventional  manner. 


f 

■ 

$ 

i 

f 

1,3  FLUID  MSCHAI^ICS 

In  mechanics  the  energy  relationship  and  Newtons  three  laws  were  applied 
to  rigid  bodies  e  Nov^  we  wish  to  apply  these  principles  of  mechanics  to 
fluids  in  order  to  get  a  better  understanding  of  fluid  motion  which  later  will 
be  applied  to  the  study  of  aerodynamics.  Aerodynamics  is  merely  a  specialised 
branch  of  fluid  mechanics  which  deals  specificailly  with  the  flow  of  air  as  the 
working  fluid.  This  section  will  consider  some  fundamental  characteristics 
common  to  all  fluids  and  where  applicable  an  analogy  will  be  drawn  between 
the  mechanical  and  fluid  mechanical  systems «  This  section  is  not  meant  to  be 
a  complete  thesis  of  the  science  of  fluid  mechanics  but  it  will  proTlde  the 
basic  background  information  required  for  a  better  understanding  of  the  material 
covered  in  the  sections  which  follow, 
lc3cl  THE  STRUCTURE  OF  MATTER 

It  is  veil  known  tnat  all  matter  is  made  up  of  atomic  particles  which 
themselves  are  made  up  of  subatomic  particles  called  protons,  neutrons, 
electrons,  etCc  Those  which  are  roost  significant  for  our  consideration  are 
the  primary  charged  particles,  namely  the  protons  and  electrons.  These  particles 
are  responsible  for  the  electrical  bonds  which  bold  matter  together.  They  are 
the  forces  which  detewine  whether  matter  will  be  in  a  solid,  liquid  or  gaseous 
form  and  if  in  a  gaseoc.s  form  whether  they  will  exist  as  molecules  (i.e,,  com¬ 
binations  of  atoms)  or  as  free  atoms  or  ions  (charged  particles). 

Solids  are  characterised  by  a  fixed  cryataline  structure  which  because  of 
strong  electrical  bonds  holds  each  atom  in  a  given  location  relative  to  the 
other  atoms-.  V/hile  each  atom  doer  have  a  certain  degree  of  freedom  such  as 

vibration  they  can  not  migrate  randomly  through  the  crystaline  structure  to 
any  extent  as  can  molecules  in  a  fluid  or  gas. 
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A  liquid  represents  a  stats  which  is  neither  nor  It 

does  not  have  a  fixed  cryetaline  state  nor  does  it  ha'^e  a  corqjietely  random 
motion.  Inter  molecular  attraction  is  the  dominating  factor  in  liquid  but 
these  b'^nds  are  not  so  strong  that  they  can  not  be  easily  broken  or  deformed. 
Therefore,  fluid?  may  be  thought  of  as  being  crysbalino  at  any  instant  but 
with  the  crystaline  stnicture  changing  with  time.  Some  evidence  of  this 
senicrystaline  state  has  conie  to  light  in  r3se.vi'oh. 

Games  on  the  otlier  hand  are  almost  '.ompletely  independent  of  intermolecular 
attraction.  They  are  characterized  by  a  completely  random  and  motion 

so  that  their  motion  can  be  expressed  only  as  a  statist! j.al  probability.  The 
basic  element  of  a  gas  is  the  molecule  which  is  generally  made  up  of  two  or 
more  tightly  bonded  atoms,  so  that,  they  have  little  capacity  for  bonding  to 
other  moleculeSo  (Note:  this  in  the  abcence  of  chemical  reaction). 

From  this,  it  is  seen  that  the  difference  Vx'itv  cen  the  solid,  liquid  or 
gaseous  states  is  just  a  matter  cf  degree  and  ir.  the  fc:  cacest  sense  al  i 
may  be  considered  as  fluids  for  all  have  scn'c  ';apibiJ.ity  to  ceform  cr  fla*»4 


Thus, we  see  that  many  of  techniques  used  to  ev*j_jate  the  del '''rmation  propei'ties 
of  solids  may  be  mcdified  and  generalised  for  application:  to  liquids  and 
gases..  This  again  suggests  a  conneotio’^  bst>Jter  me-' t'anirs  and  fluid  mechariJ.cy . 
For  the  purposes  of  this  writing  the  nij.jority  cf  the  discussion  will  be  directed 


tow^^rd  fluids  made  up  of  diotc'^dc  g-iscc  found  in  sl!.;-  (Oxygen,  G2,  Niti’ogen, 
N2).  However,  an  attempt  will  be  made  to  keep  the  dieoussion  as  gaieral  as 


possible 


1.3.2  FLUID  MOTION 

Before  launching  into  a  detailed  discussion  of  fluid  notion  it  is  well  to 
get  a  voms  eye  view  in  order  to  define  what  is  neant  hy  fluid  flow  of  a  gas* 
1.3.2.1  KINEriC  THEORY  OF  GASES 

When  a  gas  is  referred  to  as  being  at  rest  it  does  not  nean  that  there  is 
no  noticm  within  it.  It  merely  neans  that  there  is  no  net  transnission  of  nass 
past  a  given  point.  Gases  are  made  up  of  molecules  which  are  continuously  in 
motion.  These  molecules  may  be  visualized  as  being  vary  tiny  billiard  balls 
which  randomly  travel  about  colliding  with  each  other  and  with  the  wall  of 
their  container.  The  collisions  with  the  walls  and  other  molecules  are  per¬ 
fectly  elastic  so  that  no  energy  is  lost. 

Since  the  direction  of  motion  and  the  velocity  of  these  molecules  are 
completely  random^  statistical  sample  would  show  that  as  many  molecules  are 
traveling  in  one  direction  as  in  the  other  and  that  the  total  energy  *  md 
momentum  are  equal.  Remembering  that  pressure  is  proportional  to  momentum  and 
temperature  is  proportional  to  the  kinetic  energy  of  the  molecules^  the  temp¬ 
erature  and  pressure  should  be  the  same  at  any  point  in  the  gas.  The  latter 
two  conditions  are  bom  cut  by  the  fact  that  experimentally  the  temperatures 
and  pressures  are  observed  to  be  the  same  no  matter  where  the  measurements  are 
taken  in  the  container.  Thus,  it  follows  that  the  average  velocity  of  the 
molecules  are  the  same  in  all  directions  and  that  there  are  as  many  molecules 
going  by  a  given  point  in  one  direction  as  are  going  in  the  opposite  direction. 
This  is  the  static  or  no  flow  condition. 

Now,  if  there  is  flow,  there  will  be  a  resultant  average  velocity  of  the 
molecules  past  this  point  in  the  direction  of  flow  which  is  equal  to  the  flow 

*  This  concept  is  called  ”equipartician  of  energy”. 
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Telocity.  In  other  words, the  fluid  motion  is  merely  5uperii5)csed  on  the  randoa 
Boleculor  motion. 

1.3.2.2  THE  FUJID  ELEMENT 

Ultimately  it  is  our  purpose  to  discuss  specific  types  of  fluid  flow. 

But  first  it  is  necessary  to  gain  a  basic  understanding  of  the  nature  of  fluids, 
the  means  by  which  forces  are  transmitted, and  the  effects  of  these  forces  on 
the  fluid.  A  fluid  may  be  visualized  as  being  made  up  of  an  infinite  number 
of  tiny  differential  elements.  These  fluid  elements  are  the  same  as  the  free 
body  in  mechanics j  that  is,  the  sum  of  the  external  forces  acting  cn  the 
element  result  in  velocity  and  acceleration  which  is  proportional  to  the  mass 
of  the  element.  The  fluid  element  differr  from  the  free  body  in  that  it  is  not 
rigid  mid  therefore  can  be  deformed  as  well  as  translated.  For  our  purposes 
the  fluid  element  will  be  defined  as  a  very  snaJj.  cubic  differential  element 
whose  sides,  dx,  dy  and  d?:,  are  mutually  pejrp^r<dr.cular  to  each  other. 


Figure  1.3*1  Fluid  Element 
The  volume  of  this  element  is  i^iven  by 


dV  ■'  dx  •  dy  •  dz 


Equation  l.lol 


Using  the  fluid  elenent  concept  ve  can  ipply  forces  to  the  element  and 
draw  conclusions  concerning  the  fluid  motion* 

1.3*2*3  FLUID  FORCES 

Two  types  of  forces  can  act  on  the  fluid  dement: 

1.  Hydrostatic  or  pressure  forces  and 
2*  Viscous  or  shear  forces 

The  pressure  force  always  acts  normal  to  the  surface  being  considered*  If 
this  were  not  soothe  pressure  measured  on  the  wall  of  anything  but  a  spherical 
pressure  vessel  would  depend  cm  the  position  of  the  pressure  gage  in  the  tank* 

We  know  that  this  is  not  the  case.  So  we  conclude  that  the  pressure  only  exerts 
a  force  which  is  perpendicular  to  the  surface*  In  texms  of  the  fluid  element 
then,  it  is  seen  that  pressure  can  cause  only  translational  motion  if  applied 
differentially^ and  compression  and  expansicxi  if  applied  uniformly.  Figure  1*3*2. 


Differential  Application 
of  Pressure 
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Uniform  Application 
of  Pressure 


Figure  1*3«2  Effects  of  Pressure  on  the  Fluid  Element 

(dotted  lines  indicate  the  results  of  the  dp  increase) 


Viscous  forces  can  act  either  parallel  or  perpendicular  to  the  surface 
being  considered.  Viscous  forces  are  caused  by  both  normal  and  horizontal 
stress  in  a  substance.  By  analogy  to  a  solid, the  normal  stress  is  like  the 
tensile  stress  and  horizontal  stress  is  the  same  as  the  shear  stress.  Stress 
is  defined  in  terms  of  the  strain  (percent  deformation)  in  a  substance. 

For  uniformly  applied  pressure,  or  the  normal  viscous  stress.  Figure  1.3.3 
one  comer  of  the  fluid  element  has  a  different  velocity  relative  to  the  other. 
Therefore,  a  strain,  ,  is  developed  which  is  given  by 


dz 

■3x 


du 

dx 


Equation  1,3.2 


The  stress  -  strain  relationship  for  the  pressure  is  then 


£V.avA 

Equation  1.3,3 

where  £  is  a  constant  of  proportionality  ualled  the  bulic  modulus  or  for  metals  r 
the  modulus  of  elasticity. 


Pressure  Stress 


Shear  Stress 


Figure  1.3.3 


The  shear  stress  is  defined  in  teras  of  the  angular  strain^  dO,  Flgora 


The  stress  -  strain  relationship  is 

^  ■  k  dO  *  k  ^  Equation  1,3.U 

vhere  k  is  a  constant  of  proportionaUtj  which  for  fluids  is  called  the 

coefficient  of  viscosity,  and  for  solids  the  shear  Modulus* 

Thus,we  see  that  shear  stresses  in  fluids  are  proportional  to  the  rate 

of  strain  ^  ,  du  or  du 
dx  ^  dz 

From  the  previous  discussion  it  is  seen  that  there  can  be  as  many  as  three 
shear  stresses  acting  on  any  face  of  a  fluid  eleaent,  one  along  each  of  the 
three  axes,  Figure  1*3*U«  This  makes  a  total  of  16  stresses  for  the  six 
forces  of  the  element*  On  the  otherhand,  there  are  only  six  possible  pressure 
forces  acting  on  the  element  since  pressure  does  not  act  parallel  to  the  sur¬ 
face,  Figure  1*3*1*.  The  pressure  and  viscous  stresses  have  been  shown  on  separate 
diagrams  in  Figure  l*3*U,but  of  course  they  act  at  the  saae  in  an  actual 


viscous  flow* 


/ 

{• 


Figure  lo3.U  Pressure  Stresses 


Figure  le3«U  Viscous  Stress 

Note:  A  subscript  notation  has  been  used  for  Figure  i«3.u  to  indicate  the 
direction  of  the  stress  and  the  surface  to  which  it  is  applied.  For  instance 
indicates  a  stress  in  the  x  direction  acting  on  a  surface  whose  nornal  is 
along  the  j  axis.  Thus •'pcx  and  ^^32  represent  normal  stresses  which  for 

a  gas  are  very  small  con^ared  to  the  shear  stress.  This  is  because  the  normal 
stress  is  primarily  caused  by  inter  molecular  attraction  which  is  almost  neg- 
HgabLe  in  gases. 


In  Figure  lo3«U  it  is  seen  that  the  shear  stresses  act  in  pairs  nh^ch 
result  in  the  creation  of  a  nonent*  Therefore^  thej  are  responsible  for  the 
rotation  and  deforaation  of  the  fluid  eleaent. 

1«3«2*U  NOTION  OF  THE  FLUID  mUmT 


In  response  to  the  pressure  and  shear  stresses  discussed  above  ^the  fluid 
eleaent  translates^  rotates^  dilates  and  deforas*  Truislation  of  the  fluid 
la  easily  understood  since  an  unbalanced  pressure  stress ^  results  in  an 

^balanced  force  which  amst  froa  Newtons  Second  Law  accelerate  the  fluid. 
Likewise,  the  rotational  notion  is  conveniently  attributed  to  the  unbalanced 
Boment  caused  by  the  shear  stresses.  Dilation  is  siaply  the  expansion  and 
contraction  of  the  fluid  element  in  response  to  the  pressure  stress  the 
normal  viscous  stress.  Deformation  is  caused  by  the  shear  stress  tending  to 
skew  the  cubic  fluid  element  into  rondsic  configuration.  Figure  1.3.5. 


Figure  1.3.5 


A  careful  distinction  between  deformation  and  rotation  Bust  be  drann  for 
fluid  flow  for  it  is  possible  for  the  fluid  to  iq>pear  to  rotate  when  actually 
it  has  defozmed  as  in  Figure  1.3.5*  Nhen  a  solid  cube  rotates  its  geometxy 
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'"•'■■Ills  fixed  so  that  the  diag'.niaXs  rctata  the  sane  alao^lnt  as  the  sides* 

Since  a  fluid  elenent  is  not  rigid  the  sides  dc  not  aalntain  a  fixed  relation¬ 
ship  to  the  diag<xials  ,thu8  re({uirlng  a  closer  look  at  the  concept  of  rotation* 

It  can  be  shown  that  the  angular  change  of  the  diagonals  establishes  a  consiatant 
cxlterioD  for  the  rotation  of  the  fluid  eleniont.  As  shown  in  Figure  1*3.$,  the 
•os'll®*  relationship  of  the  sides  changed  with  respect  to  the  flow  direction 
but  the  diagonals  did  not*  theiefore,  the  fluid  element  has  defomed  froa  its 
original  configuration  at  time,  t  ,  but  it  haa  noo  iy* bated* 

1.3*3  CONSERVATION  EQUATIONS 

There  are  three  basic  fundamentaj.  coi;...epcs  whion  are  coaanon  to  all  of  the 
▼arious  branches  of  science.  These  concept?  are  cften  referred  to  as  the 
conserration  relations  • 

1*  Conservation  of  mass  or  continuiTiy  simply  states  that  **mass  is  neither 

created  nor  destfroyed” ,  That  is  if  mass  disappear,?  in  one  portion  of  a  systen 

it  will  ai^ear  elsewhere  generally  as  ludu-r.’  but.  scmotimes  as  energy*  Otherwise 

statedj,  in  the  absence  of  the  conversion  mcJis  to  energy  thirough  nuclear  neatis 

the  Bass  that  enters  a  system  must  eventually  i«i.ave  or  be  stored  within  the 

system*  A  basic  exampjLe  cf  t-his  is  shewn  threvigb  the  following  example:  If 

ten  Barbies  are  thrown  into  an  ock  which  ho.?  a  small  nolo  in  the  bottom  ^ 

some  of  the  mapbles  will  drop  through  the  hole  and  come  will  remain  in  the  box* 

The  principle  of  conservation  of  ma?s  requires  that  tne  total  nuiid}er  of  marbles.. 

entering  the  box  must  equal  the  number  which  passed  through  plus  the  mnnbsr 

which  are  still  in  the  box*  A  more  formali',£ed  mathematical  dejcripticn  of 

□ 

this  concept  will  be  applied  to  fluid  flow*  * 


2«  Conservation  of  Momentum  -  This  is  known  to  most  people  as  Newton's 

□ 

Second  Law 

F  ■  ma 

or  more  generally 

IT  o  ▼)  Equation  1.3.5 

dt 

where  mv  is  the  momentum. 

While  this  principle  is  called  the  conservation  momentum  this  is  not  strictly 
sOj  except  in  a  frictionless  system  with  no  applied  force*  More  generally  it 
states  the  relationship  between  the  change  in  momentum  and  the  force  required 
■to  produce  this  change.  A  general  application  of  this  principle  to  fluid 
flow  will  be  presented  in  this  section. 

3.  Conservation  of  energy  is  the  third  member  of  the  fundamental  equations 
It  will  be  discussed  in  more  detail  in  section  l.U  but  a  short  description  is 
in  order  at  this  time.  Like  the  conservation  of  mass, "conservation  of  energy** 
means  that  energy  is  neither  created  nor  destroyed  but  is  merely  transformed. 
Energy  under  this  concept  is  not  only  the  kinetic  and  potential  energy  of 
mechanics  but  also  the  internal  energy,  heat  or  thermal  energy,  chemical 
energy  and  work  or  friction  energy.  It  is  well  known  that  potential  energy 
can  be  converted  into  kinetic  energy,and  chemical  energy  to  heat  and  work; 
but  it  is  sometimes  not  so  well  understood  how  kinetic  energy  or  work  is 
converted  into  heat.  Actually  all  are  interchangeable  if  a  means  can  be 
devised  to  make  the  conversion. 


Now  it  is  desired  to  apply  tha  princ.iplas  of  coiisorvation  of  mass  and 
nonentua  to  fluid  flow«  Tc  be  couipletaly  general  we  ahould  not  consider  the 
fluid  flow  as  occurring  along  any  one  caoi'dinate  axis  cr  tc  be  constant  with 
tiiie^  so  where  possible  we  shsU  consider  three  diatansrional  nonsteady  flow* 

In  order  to  help  visualize  and  study  three  dimer*;:!  cnal  fZ.cw  we  shall  reaoii; 
to  the  concept  of  an  elemental  control  volume  which  is  fixed  relative  to  the 
flow^  that  is^  the  fluid  flow.-:  through  it  in  seme  arbitrary  direction  as  ^hown 
^6^^®  l*3*6ao  The  control  voImb.c  is  difiC-r.er: from  tie  fluid  elemeiit  in 
that  the  fluid  element  encempaLssed  r.  given  of  fliid  and  followed  it 

through  the  flow,  while  the  contro?.  vcjunia  i-,  fixed  in  space  and  the  fluid 
flow  is  observed  as  it  passes  through  it*  A'^  shown  in  Figure  1.3* 6a  and  b 
the  velocity,  u  ,  of  th'e  .fluid  f^ox-d-ng  thvough  the  voluiuo  can  change  with 
respect  to  x,  y  and  ‘c  coordinates  and  with  reap  c<;  to  tinr. 


Figui’e  1,3.6b  Courdinaie 

System 


Figure  1,3.6a  Streamlines 
Through  the  Control  Volume 


D 


This  fact  rmy  r?  exj^ressed 


u  -  f  (x.  y,  2,  t) 
or  in  differential  form 


Equation  l*3«6a 


du 


,  3u  ,  3u  ,  3  ^ 


Equation  l*3«6b 


where:  q_u  .  3u  ^  and  ^  are  partial  derivatives  of  u,  that  is, 

3x  By  3^ 

all  of  the  remaining  variables  not  included  in  the  derivative  are  held  constant, 
a  u  ,  d  u  .  a  u  represent  the  velocity  gradients  within  the  fluid  at 

a.  a*  *  «_  1*  W*  •  1 

B  X  d  y  '3  z 

the  location  of  the  control  volume<, 

The  partial  differential  form  is  useful  here  because  its  basic  definition 
allov;s  the  change  of  the  dependent  variable,  u,  to  be  expressed  as  the  sum  of 
the  changes  in  u  caused  by  the  separate  change  in  each  of  the  independent 
variables,  Xo  y.,  s  and  t.  To  re/iew:  l)  Partial  differentials  require  that 
the  incremental  changes  du,  dx,  dy,  dz,  etc®,  be  small.  2)  The  partial  deriva¬ 
tive,  cl  u  ,  like  the  total  derivative,  du  ,  shows  the  slope  or  rate  of  chaige 
3"x  ^  dx 

of  u  vTith  respect  to  Xi  but  in  addition  it  implies  that  ail  of  the  variables, 

(y,  7.  and  t),  other  than  those  shown  in  the  derivative  are  held  constant.  To 
emphasize  this  point  the  partial  derivative  is  sometimes  written  as  ^ 


Bx 


yzt 


to  indicate  which  variables  are  held  constant,  3)  Thus,  it  separates  the 
individual  effects  of  each  independent  variable.  In  the  final  analysis  these 
separate  effects  can  be  added  together  as  in  Equation  1.3«6b  to  obtain  the 
total  resultant  change,  du. 
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A  physical  understanding  of  the  partial  derivative  is  best  obtained 

by  a  graphical  intrepretation  of  a  function  involving  three  variables. 

z  =  f  (x.  y) 

Such  a  function  describes  a  surface  in  three  dimensional  space  coordinates. 


Figure  1.3,7. 

The  partial  derivative  gs  is  the  slope  of  the  curve  in  the  x-z  plane 
(crosshatched  in  Figure  1.3.7a)  which  passes  through  the  point  n.  Similarly, 
is  the  slope  of  the  cur/e  in  the  y-z  olane.  Figure  1.3.7a,  ^hich  passes 
through  n.  The  change  in  dz  is  given  by  the  change  in  z  due  to  moving  in  the 
X  direction,  dz^^,  p  us  the  change  xn  z  due  to  noting  in  the  y  direction,  dz^., 

dz  •-=  dz  dz 

y 


or 


Figure  1.3c  7  a  and  b  Partial  Derivative 


Whil«  functions  of  four  or  mov  Tsrlsblst  can  not  bs  sasily  interpreted 
in  tens  ^  a  griqph  such  as  the  one  sbore^  the  concept  of  a  partisl  deriratiTe 
lia  none  the  less  Talid*  It  ia  just  that  four  and  fire  dinensional  spsoe  is  not 
^raadilgr  Tisualised  by  our  three  dinensional  Binds.  For  a  generalited  fluid 
flow  it  will  seldoM  be  necessary  to  woxlc  with  More  than  four  independent 
Taxlsbles,  as  in  Equation  1.3.6a  «id  b. 

Returning  now  to  Equation  1.3.6b  and  Figure  1.3.6  we  see  that  the  partisl 

r 

jderlTstiTes  ,  j|ja  and  are  the  Telocity  gradients  within  the  fluid 

BX  By  SI 

at  the  location  of  the  control  toIums  and  that  ^  u  ^  represents  the  change 

in  the  Telocity  of  the  fluid  while  trarersing  the  control  Tolune  in  the  z 
direction.  Likewise  Bn  .  and 

Tr  ^ 

while  trarersing  the  control  Tolune  in  the  y  and  s  directions  respectiTsly. 

The  Tariation  of  u  with  respect  to  tins  is  giTsn  by 

The  total  deriTsbiTe  of  u  with  respect  to  tiMe^  (i.e.^  the  acceleration) 
May  be  obtained  by  Modifjring  Equation  1.3.6b 


u 


^  represent  the  change  in  the  Telocity 


Equation  1.3.7 


where  u^  ,  u^  Mid  u^  are  the  Telocity  components  of  u  at  any  giTen  tins 
along  their  respectiTe  axes  indicated  by  the  subscripts. 

This  equation  ia  soMstiMss  referred  .to  as^i  "flu.ld  deziTstiTe". 


Uoing  the  concepts  of  the  control  volume  and  the  partial  differential 
notation  «•  now  want  to  obtain  a  general  form  of  the  coa^ervatioii  ?)quatlona 


1.3.3.1  OOlVSEHVATION  OF  MASS 

The  "Ccmaeiration  of  Mass"  or  "continuity  relationship"  as  it  is  called 
in  fluid  flow  8i^f>ly  states  that  the  amount  of  fluid  entering  a  control  Toluae 
in  a  glTen  length  of  tlae  is  equal  to  the  amount  i^hat  passed  through^plus  the 
Mount  that  was  stored  in  the  volume  during  the  tine  interval*  Since  the 
fluid  entering  one  face  of  the  control  volume  does  not  necessarily  leave  by 
viQT  of  the  opposite  face  a  net  increase  or  decrease  in  mass  flow  along  any 
axis  nay  result  even  if  the  flow  does  not  vary  with  tine*  However,  the  sun 
of  the  inflow  and  outflow  along  the  axis  must  equal  the  amount  stored  in  the 
Toluas*  Therefore,  a  valid  cxlterlon  for  the  conservation  of  nass  is  obtained 
by  subtracting  the  Inflcrw  trax.  the  outnoif  a3.o;?.g  a3d.rj*v 


nn 


The  inflow  and  outflow  for  etch  face  is  depicted  in  Figure  1.3.8  and  their 


suwnation  is  as  follows: 


dy  da  -f  ^  ^ 


a  3c 


dy  ds| 


dz  dy  da 

3  3C 


^T:-Puy  dx  da  -f  j^Uy  dx  da  ♦  — dy  dx"da[  -  dy  dx  da 

2z:-fu^  dx  dy-f  dx  dy  ♦  ■  d*  dx^-  dz  dx  dy 


dz  dx  dy 


The  conservation  of  aass  is: 


dx  dy  dz  ■  storage  rate 


(P^x) 

a  X 


dx  dy  dz  - 


dx  dy  da  -  dx  dy  da  ■  ^  dx  <^y  da 


or  per  unit  volume 


Me'^x)  ■  a(firi  .  a(P“»)  iwaPi 
■  ax  fty  a*  ■ 


The  conservation  of  mass  is 


a(p”x)  ^  a(f^)  ^  a(f”«)  *  if.  .  ^  ^^ioo  1.3.8 
B  *  By  B  *  B.* 

A  shorthand  form  of  this  equation  is  sometimes  used  as 

*  ae  .  0 

a  xi 

where  i  is  a  cenoralized  subscript  which  is  alternately  given  the  values 
X,  y,  z  to  expand  it  to  the  form  of  equation  1.3.8. 
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This  then  is  the  general  contiiroity  equation  for  three  diaensicxial 
non-steady  (i.e,,  varying  with  time)  flow.  For  the  purposes  of  this  course 
one  or  two  diaensional  steac^  flow  considerations  are  satisfactory.  For 
Bore  simple  applications  Equation  1.3.8  becomes 
Two  Diaensional  Steady  Flow: 


■a  X 


+ 


since  d^/dt  andj^p  u  Z'sro 


B  2 

One  DiBensional  Steady  Flow: 


for  the  above  ccnditiona 


Equation  1.3.8a 


df-"  .  dpii 
ax  ax  "  ^ 

If  a  stream  is  passing  through  some  cross  sectional  area  other  than  a  unit  area 
A  Mist  be  included  in  the  abave  relations,  i.e.. 


d(  PuA  ) 

1*3. 3. 2  CX)NSEmTTON  OF  MOMENTUM 


Equation  1.3.8b 


The  conservation  of  momentum  relationship  is  obtained  for  fluid  flow 
by  applying  Newtons  Second  Law  to  the  control  volume. 


du 

BB  «  m  — 

•  at 


Equation  1.3.9 


As  previously  stated  ^this  does  not  necessarily  in^jly  that  momentuB  is  conserved 
but  it  states  the  relationship  between  the  change  in  moaentum  and  the  force 
required  to  produce  this  change. 


The  !nass  of  fluid  i«ithin  the  control  volume  at  any  given  time  is 
M  *  P  dx  dy  dz 

The  acceleration  of  the  fluid  was  previously  shown  in  Equation  1«3«7.  Thus 
for  acceleration  in  the  x  direction,  the  right  side  of  Equation  1*3.9  becomes 


( Pdx  dy 


The  left  side  of  Equation  1.3.9  is  obtained  by  considering  the  sum  of  the 
forces  produced  by  the  pressure  and  shear  stresses.  The  resultant  force 
acting  on  the  control  volume  is  a  vector  and  therefore,  can  be  resolved 
along  the  reference  axis.  The  pressure  and  shearing  forces  acting  in  the 
X  direction  are  shown  in  Figure  1.3.9. 


Figure  1.3.9 

The  sum  of  these  forces  are 


F 

X 


dy  dz 
^x 


i-iS  dx  dy  dz  ♦ 

B  X  ^ 


dy  dx  dz  + 


dz  dx  dy 


Equation  1.3.9b 


Setting  the  force  (Equation  1.36  9b)  equal  to  the  rK^ientum  (Equation  1.3«9a) 
gives  the  momentum  equation  for  the  x  direction 


9*  "9*  9  7  3  z 


+  U. 


Bs  *  B 


Equation  1.3.10 

The  other  two  momentum  equations  would  be  obtained  by  repeating  this  operation 
for  the  forces  in  the  y  and  z  directions, 

Uke  the  continuity  equation  a  shorthand  fonn  of  the  raomentun  equation 
can  be  written  in  a  general  form  where  the  equation  for  the  cases  is  obtained 
by  alternately  substituting  the  appropriate  subscripts,  x,  y  «id  z 


'd  Xi  '  ^^3 


aui 


“i 

at 


If  i  is  X  and  j  beconies  x,  y.  *  Equation  1.3.10  is  obtained. 


i  is  y  and  j 


becomes  x,  y,  z  the  momentum  equation  for  the  y  direction  1«  obtained. 

Again  the  momentum  equation  can  be  siinjUfied  oonsidtrably  if  steady, 
two  dimensional  flow  is  considered. 

X  Direction: 


-li 

33c  Qx  ^y 


Y  Direction: 


B  X 


Equation  1.3.  Ha 
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Ari  even  greater  sin5)lification  is  obtained  if  the  flow  can  be  considered 
an  being  steady^  nonviscous  vid  one  or  two 
2  Dinensionaly  Nonviscous  and  Steady 


Bx 


Equation  1.3.11b 


1  Di.Tne’^‘:?^onal,  Nonviscous  and  Steady 

m  Px  Equation  1.3.11c 

"  3  ^  3  x 


^  u  du 


Equation  1.3.11d 


?his  t^uatiOii  is  often  referred  to  as  Euler*  s  equation, 
io.a  nSCXDJi  FLUID  FLOW 
i.3.Ul  VISCOSITY 


Vlftcoirity,  in  simple  terms,  is  nothing  more  than  the  stickiness  cohesiTsness 
01  ?.  llu^d;  :?uch  as  cold  molasses  sticidlng  to  a  spoon.  It  is  analogous  to 
iricip.on  ir.  mccharJ.cal  system.  In  liquids,  it  is  caused  by  the  interaolecular 
of  tho  moie.niles  while  in  gases  it  is  due  to  the  exchange  of  moaentUB 
of  tw^  ?.d,ja.?ftr-t  parallel  streams.  For  this  discussion  we  will  concern  ourselyes 
with  gases. 


We  have  seen  in  Section  1.3. 2.1  that  molecules  in  a  gaseous  fluid  flow 
texK*.  to  migrate  randomly  through  the  fluid  whether  the  fluid  be  in  motion  or 
at  rest.  It  is  this  effect  which  is  responsible  for  the  viscosity  of  gesee 


0 


To  iinderstand  the  mechanism  by  vhich  viscous  forces  are  developed  consider 


two  parallel  streams  having  different  velocities ^  Figure  l«3«10a, 


Stream  k 


Stream  B 


(•)  (b) 

Figure  1.3.10 

Due  to  the  random  molecular  motion^molecules  of  stream  A  wander  over  Into 
stream  B  «id  vice  versa.  The  same  number  of  molecules  go  from  A  to  B  as  go 
from  B  to  A  so  there  Is  no  net  exchange  of  mass.  However,  the  average  velocity 
of  those  molecules  going  from  A  to  6  is  greater  than  the  average  velocity  of 
those  going  from  B  to  A.  Thus^the  momentum  (m  v)  in  the  direction  of  flow 
of  the  molecules  of  stream  A  is  greater  than  the  momentum  of  streai  B.  Hence 
the  molecules  coming  from  stream  A  tend  to  increase  the  velocity  «id  momentum 
of  stream  B  while  the  molecules  of  stream  B  tend  to  de 'grease  the  velocity  aid 
momentym  of  stream  A.  The  end  result  of  this  process  is  that  the  stream  veloci¬ 
ties  adjacent  to  the  boundary  adjust  themselves  to  some  average  velocity  as 
shown  in  Figure  1.3.10b.  Thus,  in  the  final  analysis  there  is  no  discontinuity 
in  velocity  between  the  two  streams.  This  process  might  be  likened  to  two 
coal  carrying  freight  trains  traveling  in  the  same  direction  at  different 


speeds  on  parallel  tracks  with  men  on  each  train  shoveling  coal  from  one  to 


the  other.  As  a  result  of  the  difference  in  momentum  of  the  coal  hanged^ 
the  faster  train  is  slowed  down  and  the  slower  trains  speed  is  increased. 


This  then  is  the  mechanism  which  causes  shear  or  viscous  forces  in  a  gas. 

From  this  we  see  that  the  force  is  proportional  to  the  difference  in  momentum. 

F  -  k  d  (mv) 

or  since  the  net  mass  exchanged  is  sero 
F  •  k  m  dv 

Thus^  it  is  seen  the  shear  force  is  proportional  to  the  number  of  molecules 
passing  from  one  stream  to  another.  The  number  of  molecules  exchanged  can 
be  increased  by  increasing  the  temperature  of  the  gas.  Therefore,  as  the 
teitqperature  of  a  gas  increases  the  viscosity  likewise  increases.  This  is 
contrar7/'  to  what  is  experienced  %n.th  liquids. 

Regardless  of  the  mechanism  by  which  viscous  forces  arise,  whether  they 
be  from  momentum  exchange  as  in  a  gas  or  from  intermolecular  attraction  as  in 
a  liquid,  they  are  ma-dfested  primarily  as  shear  stresses  which  are  transmitted 
between  the  various  layers  of  the  fluid.  As  previously  mentioned,  normal 
viscous  stresses  are  generally  negligabie  in  gases?  *  The  shear  stress  in  a 
fluid  was  given  in  Equation  1.3.U  as 

Tdu  Equation  1.3.U 

^  dy 

where  in  a  gas  k  is  equal  to  the  coefficient  of  viscosity. 

du  Equation  1.3.12 

Thus,  the  shear  stress  between  any  two  layers  of  a  fluid  is  proportional 

to  the  velocity  profile  du  ,  where^is  the  constant  of  proportionality  for 

dy 

a  given  fluid* 
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From  this  definition  of  viscosity.,  it  is  seen  that  the  viscous  force  tends 
to  resist  fluid  motion  in  any  direction  and  therefore  is  the  fluid  counterpart 
of  friction  in  mechanics*  This  friction  effect  of  viscous  flow  is  responsible 
for  several  fluid  flow  characteristics*  Firsts  it  has  a  damping  effect  which 
tends  to  dissipate  all  flow  disturbances^  such  as  flow^  pulsations,  turbulence, 
etc*  This  may  be  witnessed  by  noting  the  reduction  in  the  size  of  surface 
waves  on  water  as  they  travel  away  from  their  source*  This  is  one  of  the 
factors  involved  in  Reynolds  number*  Second,  it  is  primarily  responsible 
for  the  format! ai  of  the  boundary  layer  which  is  formed  when  a  fluid  flows 
over  a  surface* 

1.3.U.2  BOUNDARY  LAYER 

The  boundary  layer  is  a  thin  sheet  of  retarded  fluid  immediately  adjacent 
to  the  surface  of  a  body*  It  is  caused  by  the  shear  stress  in  the  fluid  which 
slows  the  flow  next  to  the  surface  to  zero  velocity.  As  this  shearing  force  is 
transmitted  out  into  the  stre^  it  decreases  in  magnitude  resulting  in  the 
familiar  velocity  profile  of  the  boundary  layer.  Figure  ie3oll* 


Figure  1*3*11  Typical  Velocity  Profile  in  the  Boundary  Layer 
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The  characteristic  features  of  the  boundary  layer  are: 

1,  The  somewhat  parabolic  shape  indicating  a  loss  of  momentun  in  the 
boundary  layer. 

2,  Zero  velocity  at  the  surface. 

3#  Free  stream  velocity  at  the  top.  (Actually  the  top  of  the  boundary 
layer  is  defined  as  the  point  where  995^  of  the  free  stream  velocity  has  been 
attained.  This  is  because  the  velocity  theoretically  approaches  but  never 
quite  attains  free  stream  conditions). 

The  development  of  the  boundary  layer  may  be  studied  by  periodically 
injecting  drops  of  dye  into  a  uniform  stream  as  it  approaches  and  passes  over 
a  flat  plate  as  in  Figure  1.3.12. 
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Figure  1.3.12 
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Observing  the  resuluing  pAtterne,  several,  ohara-;  terislics  common  to  the 
jrcnrth  of  all  boundary  layers  are  noted 

1,  The  boundary  layer  becomes  thicker  as  the  distancec,  x,  from  the 
Leading  edge  increases. 

2,  The  velocity  profile  changes  with  increasing  x. 

L.3.1;.3  REYNOLDS  IfUIfflER 

Before  discussing  the  mere  specific  characteristics  of  the  boundary- 
layer  and  its  contribution  to  aerodynamic 5,  it  is  necessary  to  have  a  good 
physical  understanding  of  the  Reynolds  number^  its  significance  and  its 
sffect  on  fluid  flow.  The  factors  which  go  together  to  make  up  the  Reynolds 
lumber  consistantly  ^^pear  in  a  specific  arrangement  in  fluid  flow  analysip. 
rhe  grouping  of  these  terms  and  the  physical  intrepretation  was  first  observed 
by  Osborne  Reynold  for  whom  the  quantity  is  named,  Reynolds  number  is  defined 
as 

R^  “  Eciuation  lo3o'’.3 

where i 

the  density^ 

V  «  the  •/e.^coity-  .ft/Vc". 

•  ’h'  ini  L  c  effi.ient  o.t  /.'.vv-ity;  jb  ••  s.'- 
X.  •**  the  distarxe,  ft 

Reynolds  observed  that  when  dye  was  injected  into  a  fluid  fj.cw  that  a  very 
straight  fine  line  p  •ii'sisted  for  a  ways  down  stream, but,  that  after  a  certain 
distance  the  flow  became  uristeady  and  then  turbulent  causing  the  dye-line 

*  Note:  In  aerodynamics  x  is  often  replaced  by  some  characteristic  length,  1, 
(vihere  1  =■  k) 


T  r  ^ 


f 


r 


first  to  osciUats  aid  thai  to  disslpsts  Flfiirs  1.3.13*  IVurthemore,  hs 
obssrrsd  thsb  ths  point  at  iihieh  this  transition  occurrsd  vas  dirsctlj 
rslatsd  to  ths  quwititj  ^ 


It*'' 

Figurs,l«3«13  Remolds  Baperiaant 


The  flow  prior  to  transition  is  said  to  bs  laalnari  that  is,  eonsistinf 
of  specific  laaina  sith  no  cross  flow  enrrants  to  disturb  the  Ths  llos 
dosn  streaa  of'  the  transition  is  said  to  bs  turbulent  or  consisting  of  xandoa 
cross  flow  and  rotational  currai^  which  dispsrss  ths  df.  The  transiticn 
'  region  between  these  two  conditions  aaj  bs  thought  of  as  being  part 
and  part  tuztulsnt.  Ths  entire  signifieanos  of  these  two  types  of  flow  was 
probably  not  realised  J^y  Reynolds  but  it  is  of  treaandous  importance  in 

9 

detendning  the  aeroc^aaics  of  an  aircraft  and  in  the  extrapolation  of  wind 

}  ^ 

tunnel  aodel  results  to  full  scale  aircraft.  The  latter  is  the  reason  that 
the;  Reynolds  number  is  often  referred  to  as  a  scaling  factor. 


•  ft 


i  better  phyeisal  of  the  ■eaning  of  the.  Reynolds  nuiii>er  is  obtained 

if  it  is  ’fieifed  in  teras  of  the  forces  acting  on  the  fluid*  There  four 
forces  uhlch  act  on  a  fluid:  ^  j| 

1*  Inertia  forces  or  dynwic  pressure 

12*  Viscous  forces 
„  3*  Static  pressure 

Ora^tation  forces 

The  latter  two  are  generallj  saall  as  coapared  with  the  first  taoj  therefore, 
thay  can  be  neglected.  Froa  this  it  follows  that  the  Reynolds  nute*  is 
proporticaial  to  the  ratio  of  the  inertia  forces  to  the  tIscous  forces  • 

I  R  /'XX  jJ^rtia  force 

*  •  ^Iscois  force 

This  miy  be  shown  froa  the  law  of  conservation  of  arMntiia  Equation  1.3.11c 
which  when  integrated  becoaes  Bemoullis*  equation  (Ref  Sec  2.2) 

P  ♦  j  PV  »  K  Equation  1.3.m 

where  P  *■  static  pressure 
iPV^  ■  dynamic  pressure,  q 

Since  the  static  pressure  can  be  neglected  the  dynaieic  or  inertia  force  acting 
on  the  fluid  is 

^‘inertia 

p 

dA  ■  cross  sectional  area  of  the  streaa  «  1 


where 


The  sheer  stress  vss  shosn  In  equstion  to  be 


which  In  terns  of  this  problem  is 


Iqnstion  1.3.12 


Myy  *^f lotion  ,  jfy 


so  that  the  friction  force  is 


^friction  •  ^ 

^friction 


¥ 


•  1 


Taking  the  ratio  of  the  inertia  forces  to  the  friction  forces  gives 


^inertia 


-  ^ 


friction 


/.  -  -ELL 


AJ 


inertia  forces 
friction  forces 


Equation  1.3«X3 


If  A// p  is  defined  as  the  kinematic  coefficient  of  viscosity^'^  ,  the  Rejnolds 
number  is  written  as 


L  .  V  1 


Equation  l«3*liib 
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Relati''g  thiC;  Lonzep'c.  zf  tho  Re/nolds  niiiuber  back  to  the  trans-ition  .from 
lairdnar  to  turbulent  flaw  a  beLter  uriderr.t.andirig  of  uhe  role  of  the  Reynolds 
number  is  obtained.  It  may  oe  3ai<l  that  .laminar  fxiyw  results  ./hen  the  idscous 
forces  are  large  enough  tc  ovci  ccmo  or  darp  out  the  oscillations  caitsed  by 
the  (fynamic  forces  j  that  is^  at  lev  Reynolds  numbsr.  Conversely^  turbulent 
flow  occurs  v/hen  the  dynamic  force  becomes  so  large  as  to  crGi(..ome  tne  vf.acous 
damping  forces  respiting  in  cross  flaw  and  rotational  I'laWo  Tnun,  trant^ition 
is  directly  a  furction  of  the  Heyr^oldr  number.  If  transition  is  fo’ind  to  occur 
at  -say  =  500,000  then  oy  increasing  the  velocity  or  density  or  d.icreasing 
the  viscosity  wi]].  cause  traiv^iU.io}'.  cc  jzzur  earlier  in  the  tube.  Tha^  1.?, 
the  critical  Reynolds  rrimber  500,000)  oc:u7*a  soOi.er,  II  shcrild  be  noted 

that  the  cri.ical  Reynolds  number  for  the  systw.  showr;  in  Figure  1.3,13  agenda 
on  two  independent  vc.riable3  namej.y  the  initiaJ.  turbulence  in  the  tank  ar.d  the 
roughrio-ss  of  the  tub? 

l.lolo’i  OT.ITARY  U'fER  TR^iSITION  Al'fD  CRO’wTH 

W.j.th  this  iT'derr l  i.iTiaT  -utu  tic-.' .ti lent  and  th-e  coiitilbutio;! 

of  the  Re jrT' 0 ! d/.:  nuT-ber  to  predic  tir'g  transit,  or  u.r*  r  *tu:;„  rcic  tc-  th® 
dlocusiicn  vf  ths  tcuirlary  xa^ve.  .  As  irdgnt  be  a-vi  ..ipc  fiYj.r.  tb.o  Rcy:.:.»ldy 
ex]|:>eid,Tf*<:-rit  „  flaw  /e?.  s  surfee-  is  .initially  1 jr! r .-ju;  aivc-ij.  '"ho  cri.tica? 

(iv  ansiki c. Hayiio.  c..-;  nvmS.  r  li  reacned  after  ;vhicr  the  rio*  tiir«'tr.'-;n\-. 

It  15  iikevute  fou’id  that  the  transition  Iteynola:'  number  dapendr  or.  the  up¬ 
stream  turbulenofc  and  the  surface  3''*uchre5s, 

The  boundary  layer  Vr.s  prevaot-ir^iy  veen  to  &.3  the  flaw  passed  over  a 

surface  and  to  have  a  rccU niteristic  vclccity  profile. 


The  .shape  and  rata  cf 


groirth  of  this  velocity  profile  is  dependent  on  whether  the  flow  is  laminar 
or  turbulent* 

As  a  unifom  velocity  flow  approaches  and  passes  over  a  smooth  flat  plate^ 
Figure  1»3«9.  a  laminar  boundary  layer  is  developed  which  grows  according  to 
the  equation 


u9.U  1^. 


>C/x 
u 


U.96  X 


Equation  1.3«15 


where 


L 

X  * 
u  ■ 


laminar  boundary  layer  thickness 

the  distance  from  the  leading  edge  of  the  plate 
free  stream  velocity 


ReL.. 


■  is  the  Reynolds  number  base  on  x  rather  than  1 
The  velocity  profile  at  any  point  is  given  by 


u 


^Ur) 


Equation  Ie3*l6 


where 


Y  *  the  vertical  distance  above  the  plane 


u 


o  «  the  free  stream  velocity 


Transition 
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When  the  Reynolds  niLTiber  rsacrso  the  critical  valus  transition  begir-s. 

In  the  transition  region  the  flow  is  neither  larainar  nor  turbulent  but  is 
nixed  with  the  lower  portion  being  primarily  laminar  and  the  upper  part  being 
primarily  turbulent,  A  region  of  partial  separation  sometimes  occurs  nearest 
the  surface  but  it  disappears  once  trai'isition  has  been  accon^Dlished*  In  effect 
the  transition  region  is  one  in  which  the  turbulent  boundary  layer  is  bo^Ti  and 
the  laminar  layer  is  shrinking  to  a  fraction  of  its  original  size.  The  laminar 
layer  continues  to  exists  however^  as  a  small  sublayer  next  to  the  surface. 
After  transition  it  grows  very  slowly  in  size  under  the  now  turbulent  boundaiy 
layer  according  to  the  following  relation  * 


S3  , 


7’  V 

!  *-  .K 


U,1 


72  X 


.0,9 


Equation  1*3*17 


The  velocity  profile  i.n  the  sublayer  is  very  near  linear  (i.e,,  u  -  k  y) 

In  contrast  to  the  slcn.*  groii>7th  of  the  sublayer  the  turbulent  boundary 
layer  prows  very  rapidly.  The  expression  for  boundary  layer  growth  is; 


•  37 
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J76  X 


pu  J 

where  turbulent  boundary  layer  thickness. - 


Equation  Ic3..l8 


The  velocity  profile  is  given  by 


Equation 


1  i  ' 


O 

•y 
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1  comparison  of  the  rate  of  growth  of  the  yarlous  types  of  boundaxy 
layers  shows  that  the  turbulent  boundaxy  layer  grow  roughly  100  tiaes  faster 
than  the  lanlnar  sublayer  and  10  tines  faster  thai  the  laminar  boundaxy  layer* 
1.3.U.5  VELOCITY  PROFILES 

A  coim>Axl8on  of  the  laadnar  and  turbulent  velocity  profiles  shows  a  very 
significant  difference. 


Figure  1.3.15 

Plotted  as  a  percentage  of  the  boundaxy  layer  thickness  and  the  free  stream 
velocity  it  is  seen  in  Figure  1.3.15  that  tl^^^Jocity  in  the  turbulent  boundaxy 
layer  is  much  greater  than  in  the  laminar  boundaxy  layer.  Also  notice  that 
the  1/7  relationship  given  in  equation  1.3.19  holds  only  until  it  reaches  the 
sublayer  then  the  linear  sublayer .  relationship  is  followed.  Fron  this  it  Is 
seen  that  the  turbulent  boundaxy  layer  has  considerably  more  energy  in  the  lower 
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lATels  than  a  corresponding  lanlnar  i^er.  This  occurs  because  the  turbulttice 
nixes  nore  of  the  high  energy  air  from  the  upper  levels  into  the  lower  levels* 
The  velocity  profile  is  the  primary  factor  which  determines  the  skin 
friction  on  the  surface*  Recalling  that  the  shear  stress  for  laninar  flow  is 

and  observing  that  the  flow  next  to  the  surface  is  alwsys  Iwlnar  even  when 

turbulent  flow  exists^  the  viscous  resistance  can  be  calculated*  This  is 

because  shear  stresses  other  than  those  caused  ’ey  du  at  the  surface  can  not 

¥ 

be  transmitted  to  the  surfacei  they  can  only  effect  the  Isyer  adjacent  to 
then  which  in  turn  eventually  effects  the  one  next  to  the  surface*  Thus,  the 
velocity  gradient  at  the  surface  is  the  only  one  that  need  be  known  to  calculate 
the  skin  friction*  Using  the  previous  equation 

Skin  Friction  x  A  Equation  1*3*20 

From  this  and  Figure  1*3*15  it  is  seen  that  more  skin  friction  will  be  obtained 
for  a  turbulent  boundary  layer  than  for  a  laminar  boundary  layer* 

While  lower  skin  friction  may  be  realized  with  a  laminar  boundary  layer 
it  may  not  be  practical  to  utilize  them  because  of  separation  problems  or 
because  of  the  difficulty  in  maintaining  laminar  flow  without  transition* 

Quite  frequently  separation  and  the  resulting  pressure  drag  causes  a  much 
greater  Increase  in  the  total  rests  oance  than  does  the  Increase  in  skin  friction* 


1.3.Uo6  SEPARATION 


Like  skin  friction^ separation  originates  in  the  boundary  layer  and  is 
primarily  a  function  of  the  velocity  profile.  Unlike  skin  friction,  however, 
a  steep  velocity  profile  at  the  surface  is  desirable  to  prevent  separation. 
Separation  occurs  when  the  fluid  flow  no  longer  follows  the  contour  of  the 
surface. 

Separation  nay  be  caused  by  two  things:  1)  A  pressure  gradient  along  the 
direction  of  flow  and/or  2)  The  inertia  of  the  fluid  carrying  the  stream 
away  from  the  surface  when  it  rounds  a  sharp  curve*  While  the  latter  cause 
may  be  the  most  obvious  from  the  point  of  view  of  the  forces  acting,  it  is 
not  the  primary  cause  of  separation.  Comers  sharp  enough  to  produce  separation 
of  this  type  are  easily  avoided  on  most  aerodynasiic  shapes.  It  is  the  pressure 
gradient  which  is  the  primary  cause  of  separation. 

The  velocity  profile  in  Figure  1.3*11  is  altered  somewhat  when  a  pressure 

gradient  is  defined  as  ^  ;  that  is,  the  pressure  changes  a  given  amount  dp  as 

dx 

the  stream  moves  a  length,  dx  over  a  surface  (dx  is  positive  in  the  direction 
of  flow),  A  positive  pressure  gradient  is  one  in  which  the  pressure  increases 
as  X  increases.  In  a  negative  pressure  gradient  the  pressure  decreases  with 
increased  x.  An  example  of  a  negative  pressure  gradient  is  found  over  the  for¬ 
ward  upper  surface  of  a  wing  while  a  positive  gradient  exists  over  the  aft 
upper  surface,  Figure  1.3.16.  | 

Negative  gradient  ^  ’ h —  ^  Positive  gradient 


That  is,  the  pressure  gradient  continually  discipates  sonie  of  the  energy 
of  the  boundary  layer.  The  longer  the  flow  acts  against  this  positive  gradient 
the  thinner  the  profile  becomes. 

When  a  negative  gradient  exists  it  means  thit  the  fluid  is  flowing  into 
a  region  of  lower  pressure;  therefore,  the  fluid  taudc  to  accelerate  causing 
the  velocity  profile  to  increase  or  become  fuller.  Figure  1.3.17a, 


b)  Positive  Grsdi:*nt 


Figure  i.3.1? 

On  the  other  hand  a  positive  gradient  inea:i>  that  the  fiuijd  is  Liciv-eling  into  a 

region  of  higher  pressure.  For  the  flow  to  continue  into  this  region  it  must 

do  work  against  this  increasing  pressure.  The  only  source  of  energy  available 

is  the  kinetic  energy  of  the  fluid  which  therefore  most  be  dissipated.  Thu::, 

the  boundary  layer  decreases  when  flowing  into  a  positive  pressure 

gradient  until  the  flow  reverses  direction.  This  reversal  of  flow  direction 

is  called  separation  and  is  defined  as  the  point  at  which  the  slope  of  velocity 

profile  ^  at  the  surface  equals  zero.  The  effect  of  a  positive  pressure 

dy 
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gradient  on  a  stream  as  it  flows  along  a  flat  plate  is  shown  in  Figure  1*3. 18 
^fs 


Figure  1.3,18 

ThuSj  we  see  that  separation  occurs  in  the  presence  of  a  positive  pressure 
gradient.  It  can  be  shown  that  separation  can  not  occur  in  the  presence  of  a 
negative  gradient.  Because  separation  occurs  with  a  positive  pressure  gradient 
it  is  often  referred  to  as  an  adverse  pressure  gradient  since  separation  is 
generally  an  undesirable  condition  from  an  aerodynamic  point  of  view.  Thus,  it 
is  seen  that  a  pressure  gradient  can  cause  or  prevent  separation.  It  is  to  this 
endc  the  prevention  of  separation,  that  boundary  layer  control  systems  are 
dec^igned. 
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l.U  THERI«YNAI-n:CS 


ine  scicncG  of  ■OiicrTtiodyiiciimcs  dwells  with  i'*6i.9'cioiii{  botvoon  hssLV’n  woi’Ic 
and  enorgy.  I  Is  based  on  two  general  laws  of  nature  called  the  first  and 
second  laws  of  thermodynamics.  By  logical  reasoning  from  tho^e  lews  it  is 
possible  to  correlate  many  of  the  ob3ci\-able  pi\)pertios  of  ns.tter.  The  pi'inciples 
of  thermodynamics  wijl  be  used  in  section  two  and  five  to  stL.dy  ccn^n-nbsible  f?.cw 
and  in  section  four  in  the  study  of  engines.  Thij  section  is  not  inte.i'lo.i  to  be 
a  thorough  study  of  *che  science  of  thenaodynai7j.es  but  rather  a  r-evievr  of  the 
basic  thermodynamic  principles  and  concepts  whic.;  ir^y  be  helpful  in  studying 
and  understanding  later  sections. 

Thermodynamics  is  not  concerned  T-iith  the  itiuctire  cf  matter  but  :ac:\-)iy 
the  transfer  of  energy  vrithout  pailiciiar  reforen:,c  to  the  aieohanism  cf  this 
transfer.  Iifhile  this  allows  broad  applior.tion  cf  ihemicd^Tt^iiic  principles  to  a 
number  of  fiej-ds,  xt  aiso  limr.ts  its  v'sefuliiiss  p  in  ti'a:,,  tht-nnodyiiirtd.cj  c.en 
predict  many  rclationsiiips  bo’iweou  propc  ’  .1  "rsi’  of  v'tTo:'  but  r.c-t  the  ac'niai  mag¬ 
nitude  of  these  properties. 


l.ll.l  FUNDAMENTAL  CONCEPTS  AM)  DEFINITIONS 
l.h.1.1  SYSTEM  AND  SURROUNDINGS 


It  has  been  said  that  chcrinodycirjiiir'; 
work  and  energy  on  matter.  The  tenn  ’'•sy.y;. 
quantity  of  matter  on  which  these  effects 
envisioned  as  being  s  irrounded  by  a  clos’d 
however^  the  system  need  not  be  surrounded 
boundaries  be  fixed. 


IS  -..he  eU.dy  of  the  F.ff.'cc  of  he:r:  , 
esrd  to  dcscilb/;  a  gi  'or. 


e.  is  - 


are  to  be  obseino^d.  The  system  is 
surfac?  siich  as  the  walls  of  a  bciilc 
by  phyj^^ical  boundailes  nor  must  the 


9 


k  nay  ba  ona  of  two  typaa^  aithar  "eloead"  or  "opan**  1  *elMM 

la  ona  which  anco^paaaaa  a  glwan  waaa  of  fluid  and  aiqpMida  or  eontraota 
to  Maintain  thla  condition  and  only  cnax^  la  allowad  to  croaa  tha  boundaxy* 

An  ftxanpla  of  auch  ayatona  ia  a  cylinder  aqtalppad  with  a  noring  piatoa  which 
^anda  and  ooaQ)&ctai  or  tha  fluid  elanent  diacuaaad  in  aaction  1,3«  An  "opan 
SZl^S”  itjone^  which  waaa  aa  wall  aa  anarg>  croaaaa  tha  boundaxy  and  tha  UMa 
within  tha  oystan  naad  not  ba  conatant.  An  ax«ple  of  thia  type  of  ayatm  ia 
^h^o^trol  Toluna  of  aaction  1«3  or  a  ai^pla  watar  pu^>« 

^5^^S[ua,in  tha  noat  ganaral  tama  tha  ayatan  ia  dafinad  aa  tha  ragion  whara 
tranafara  of  naaa  and  enargy  ara  to  ba  atudiad* 

Anything  not  includad  within  tha  boundariaa  of  a  ayaten  ia  xwfexrad  to 
••  tha  "aurroundinga* ,  In  moat  caaaa  the  atnoaphara  aarraa  in°thia  cipaeity* 

A  qrstaa  can  exchange  energy  with  ita  aurrounding  by  tha  parforaanca  of 
work  or  by  the  parfomanca  of  work  by  tha  tranafer  of  haat.  Jf  conditi^^Slw 
auch  that  no  enargy  trmafer  can  take  place  the  ayaten  ia  aaid  to  be  ”iaolatad» 
To  be  iaolatad,  the  ayatan  wuat  be  theimlly  inaulatad  ao  that  there  is  n^^l 
flcm  of  heat  to  or  fron  the  ayaten  and  thexw  wuat  be  no  work  done  on  or  b]^thM 
iratan. 

4 

As  cn  exas9)le  of  the  above  conc^ta  let  ua  consider  a  norable  piston  in  a 


rte- 


cylinder.  Figure  l.U.l. 


“F 

A  a 

I 


"  / 

^^Figura  l«ti*l 


i: 


If  th«  piston  is  pushed  down  to  position  (2)  and  the  systen  is  defined 
hy  the  dotted  line  surrounding  the  piston,  then  the  system  le  isolated  since  j 
no  heat  or  work  is  transferred  across  the  boundary,  Howe^^9r,  if  a  now  rysteJ 
is  defined  as  just  the  fluid  within  the  piston  then  it  is  no  longer  isolated! 

since  work  is  done  by  the  surroundings  and  heat  is  generated  by  the  friction 
and  transferred  to  the  system, 

1«U«1«2  PfiOPEHTIES  AND  STATE  OF  A  SYSTEM 

The  condition  of  a  syetem  ia  defined  cf  recogniiS^eataree, 

■ttch  aa,  pleasure,  t««5)erature,  color,  density  and  volume,  whlcn  aaaviae  apeolflc 
■Maurabla  valuea  aa  the  system  la  taken  through  a  series  of  changes.  If  these 
features  are  uniquely  identifiable  aud  reproducible  they  can  be  used  as  diasn- 
aioBs  to  quKtatirely  describe  the  cioaiitoti  of  the  syetem.  Such  faatuma  ar, 
celled  "Ewyertles"  of  the  system.  Thua,  the  properties  define  the  oonditioa, 
or  "state" ,  of  a  syster.  Conversely,  ths  state  of  a  system  is  defined  i:i  tszw 
of  a  certain  minlnum  number  of  p>^perti3F  :.^uired  w  completely  deacrib.)  the 
•yatem.  These  propertias  are  oaUed  the  "state  or 

coordinates".  For  a  gas,  the  state  variables  are  prcsscifi,  density  ai'd  V*..?. 
•rature.  Their  lntesre:uiiiornehv  v.^. 

depends  on  the  tjpa  of  gas  arid  the  required  accaracy. 

For  moet  diatomic  gases  suoi;  as  those  found  ic  ri.;-,  the  equation  of  etale 
for  a  perfect  gas  gives  accurate  results  through  a  side  tei^ierature  range. 

Other  equations  of  state  are  avaiUble  for  gases  with  more  compUoated  molosular 
structures  sid  for  diatonic  gases  at  extreme  teiqjeratnres.  The  equation  of 


stat*  for  a  perftct  naa  is: 


pT  -RT 


vhera  p  is  the  pressure  ^  Ib/ft 


Equation  1«U*1 


P*  i  »  is  density^  slugs/ft 

V 

o 

V  is  the  specific  voluae^ftvsliig 

T  is  the  tenq)erature  (degrees  absolute) 

2  2  o 

R  is  the  universal  gas  constant  ft  /sec  K  or  ft  lb 

slug  Ojf 

ether  equations  of  state  nay  be  found  in  themodynaaiic  texts*  The  BK)St 
conmon  of  these  is  the  Van  der  Waals  equation.  Others  are  the  Dieterici  equation, 
the  Berthelot  equation  and  the  Beattie-Bridgenan  equation. 

While  temperature,  pressure  volume  and  density  are  all  properties,  there 
are  two  types  of  properties  and  it  is  necessary  to  distinguish  between  then. 

It  nay  be  recognized  by  the  nost  casual  observer  that  some  properties  depend 
on  the  extent  of  the  systen,  such  as  volume,  mass,  area  and  energy,  while  others 
such  as  pressure,  density,  velocity  and  temperature  do  not.  Those  properties 


which  depend  on  the  extent  of  a  systen  are  called  extensive  proj 


and  those 


which  are  independent  of  the  extent  of  the  system  are  called  intensive  properties 
Since  for  general  application  it  is  desirable  to  deal  with  variables  which  are 
independent  of  the  extent  of  the  system,  extensive  variables  are  frequently 
avoided  by  dividing  by  the  extensive  quantity,  mass,  volume  or  area.  Thus, 
instead  of  considering  the  extensive  variable,  volume  in  the  equation  of  state, 
the  extensive  variable  is  divided  by  the  mass  of  the  system  and  is  called  the 
specific  volume  or  the  volume  per  unit  mass.  In  reality,  all  Intensive  variables 
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•re  specific  values.  For  instance:  Pressure  is  the  fc.'ce  per  unit  area  i^.ere 
area  is  the  extensive  variable;  density  is  the  reciprocal  of  the  specific  volume; 
•id  ten^rature  is  the  molecular  energy  per  unit  mass  of  the  molecules. 
l.li.1.3  EQUILIBRIUM  AND  CHANGE  OF  STATE 


In  order  to  specify  a  property  of  a  system  it  ij  necessary  for  it  to  be 
the  same  throughout.  If  this  >;ere  not  so,  it  \fou2xi  bo  possible  only  to  specify 
the  value  of  the  property  at  Scich  location  in  the  system  but  it  would  not  be 
possible  to  establish  a  value  for  the  w^iO?,e  system.  The  condition  where  <>11 
of  the  properties  are  uniform  throughout  the  system  is  called  ••eqvjLiJ.brhLuiii'* . 

Thus,  equilibrium  conditions  are  required  before  any  property  can  be  specified 
for  a  system.  Considering  the  piston  in  Figure  1,1',*  I,  it  is  obvious  that  as 
the  piston  is  moved  at  a  finite  rate  from  (l)  to  (2)  the  t  cate  variables  pressure 
and  temperature  will  increase.  It  is  not  so  obviau.^,  hTr/ever,  that  they  will 


not  increase  iinifcr’.nly  throughout  the  vt)luny:j.  This  is  bfec*.a.r52  the  pressui’e  rise 
caused  by  the  piston  movemeiTc  is  transmitted  at  a  finite  rate,  namely,  the  speed 
of  sound.  Therefore,  the  pressure  ard  temperature  is  higher  at  the  face  of  the 
piston  than  it  is  at  the  oppositfe  end  of  the  cylinde.’*  Tnuro,  it  is  apparent 
that  if  equilibrium  conditions  are  to  be  maintained  tne  cenprossior  p:’c<ce  »s  must 
be  accomplished  very  slowly.  In  fac  t,  this  is  a  gene  ral  aor  c.n  for  eqr:Llibririr.: 
"Equilibrium  may  be  maintained  for  s.  cha'igf  .state  only  die  i  the  pi'cctv;s  Iwrares 
place  over  an  infinite  length  of  time  or  through  a  very  .enalT  irn;romen1:.  ’  Tl'ue, 
an  equilibrium  process  of  necessity  is  ac'.ompllshtx'’.  cezy  slcwly  or  at  s.  finite 
rate  through  a  verj'  small  change  in  thermodynanic  coordinates. 


Any  change  in  coordinates  that  occur  under  anything  but  equilibrium 
conditions  can  not  be  traced  as  to  path.  Figure  l.U.lb.  For  instance,  in 
the  previous  example  the  pressure  and  volume  undergo  a  change  but  if  this 
change  occrars  quickly  it  is  not  known  whether  the  volume  changed  first  and 
then  the  pressure  changed  (path  a),  or  visa  versa  (path  b),  or  whether  it 
occurred  by  some  combination  of  each  such  as  the  equilibrium  line  shown  by  the 
solid  equilibrium  line  in  Figure  l.U.lb,  Since  the  equilibrium  path  is  the  cmly 
cne  which  can  oe  definitely  specified  for  changes  in  coordinates  it  is  extremely 
ut'cfui  in  the  study  of  thermodynamic  processes. 

1.1*. l.U  THERIIODYNAMEC  PROCESSES 

An^r  -cnange  in  the  thermoc^^amio  coordinates  of  a  system  is  called  a  process* 
If  a  jcvcei's  is  carried  out  in  such  a  way  that  the  pressure,  tenQ)erature  and 


density  are  etisentially  uniform  at  each  instant,  the  process  is  said  to  be 
*  Thus,  a  reversible  process  is  made  up  of  a  succession  of 
equil’briun  states.  .VL’ccen.jes  in^n:*lv?j:ig  ieparctui’es  froci  lini^foirTir.ty  will  cause 
‘Closes  (tie  -to  turbulence,  frLctior,  etc.,  and  are  said  to  be  -erslble” . 

The  jompiete  significance  of  reversibility  and  irreveriibirity  can  r.ct  be 
lean  at  this  time  bub  a  qualitative  feel  for  the  principle  can  be  gained  from 
the  previous  exaiq3?.e  of  the  piston.  Let  us  assume  first,  th^rb  the  piston  in 
FigUj.'o  1,4,1  is  frictionless  and  that  the  conqpression  process  is  carried  out 
through  a  series  of  equilibrium  steps.  If  the  process  is  reversible  the  piston 
will  return  to  its  original  position  when  the  force  is  slowly  released.  This 


is  because  all  of  the  energy  exerted  in  pushing  the  piston  doim  was  stored  in 
the  gas  in  a  recoverable  form  idiich  could  be  converted  back  into  work  to  return 
the  pistor  to  its  original  position.  On  the  other  hand,  i±  the  piston  is  not 
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frictionless  or  if  the  process  is  oai-ried  out  vsiy  quickly  there  will  be 
energy  losses  due  to  turbulence  and/or  friction,  so  that,  there  will  be  in¬ 
sufficient  available  energy  to  return  the  pistion  to  its  original  position. 

Alnost  all  actual  processes  are  irreversible  becau.je  thcj  take  place  at 
*  ^nite  rate  with  finite  changes  in  ten^jeratu.re  and  pressure  between  the  system 
and  the  surroundings.  Nevertheless,  the  concept  of  a  re’*ersible  process  is  a 
and  important  one  in  thermodynauD-cs. 
l.U.1.5  HJERGY,  HEAP  AT^D  WORK 


A  system  may  possess  enei-gy  by  virtr.e  ...f  its  toMpe”at,.-,re,  velocity,  posiUon, 
cheraistiy, electrical  potential  or  njolear  slraoture.  Ths  exoCj  qiiai-.iity  of 


energy  possessed  above  some  reference;  level  lo  a  measure  of  its  capacity  for 
doing  work  or  transferring  heat.  Heat  and  work  .'xre  simply  a  rjr:;a.n:re  cf  the 
transfer  of  energy  across  the  bo<jindary  of  zhe  system  in  response  to  a  dri-?lng 
potential,  such  as,  temperature  in  the  case  of  heat  tra’xfer  ai'd  pressure  in 


the  case  of  woik. 


ao  ir  Aiv.ho'Vv 


0. 


It  ij  in¬ 


correct  to  spetuc  of  the  heat  or  vrork  of  a  fo::-  thtrs..  v^uar* titles  s;v5  mar*- 

ifested  only  as  they  effect  thei-r  su-roueding-.  For  ujst-r'*.?,  :s  we  have  a  cup 
of  coffee  and  a  2:ass  of  beer  sHti  ig  -i.b  by  -l  .o,  the  ,:o.:fen  (sjntsa  1}  be¬ 
cause  of  its  higher  energy  le-el  ujinsfer.?  heat  to  be  >?er  (vs^ora  7i'j.  Tho 
heat  is  only  seen  as  it  is  traiisferr^ed  a;;-ccr  z.vc  bovuidar;^''.  Nor,  if  the  bccc: 
and  the  coffee  are  isolated  in  cne  conuuiner,  a  new  sji-  .am  is  defined.  Under 
the  definition  of  heat  there  is  no  transfer  cf  cx:orgj>-  across  the  boundary  ai:id 
therefore,  there  is  no  transfer  of  heat.  In  this  case  the  total  energy  of  the 
system  remained  constant  and  even  though  the  twe  elements  witliin  the  system 
obviously  changed  temperature  there  was  no  exchange  of  energy  with  the 
surroundings. 
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Thus,  heat  and  vrork  refer  to  the  interchange  of  energy  between  a  system 
and  its  surroundings.  Heat  most  generally  refers  to  the  exchange  of  thermal 
energy  as  transferred  through  the  mechanisms  of  conduction,  convection  and 
radiation,  while  work  most  generally  refers  to  physical  force  such  as  that 
caused  by  pressure,  magnetism  and  electrical  potential  app^ed  over  a  given 
distal  oe.  Work  used  for  most  thermodynamic  applications  results  from  pressure 
forces. 

While  the  work  can  always  be  expressed  as 


Work 


• J  F  .  dS  -y*] 


F  cos  OdS 


where  0  is  the  angle  between  the  force  and  the  direction  of  motion. 

In  most  cases  of  practical  interest  in  thermodsmarnics  the  work  is  associated 
with  a  change  in  volume  and  it  is  more  conveniently  expressed  in  these  terms. 

Consider  a  system  of  arbitraiy  shape  such  as  might  be  enclosed  by  an 
'.>jfiinfiated  balloon. 


,dS 

i 


Figure  1.U.2 
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If  the  balloon  is  pa.-.’tially  inflated,  as  shown  by  tlic  dott^  linec  in 
Figure  l«lu2,  work  is  dons  against  the  atmospheric  pressure,  which,  if  the 
balloon  was  reversibly  inflated  would  equal  the  internal  pressure,  p,  (ne^ect 
tension  in  the  balloon)*  The  Increnent  of  force  acting  on  an  element  of  the 
balloon  is  then 

dF  «  p  dA 

The  work  done  is 

dW*dFxdS‘pdAdS 

Integrating  over  the  surface  area  gives  the  increment  of  work  required  to 
partially  inflate  the  balloon 

dW  -  p  AdS 

where  A  is  the  total  surface  area* 

But  AdS  is  the  increase  in  the  volume  of  the  system,  d^,  so  tliat,  the  work 
done  is 

dW  *  p  dV 

dividing  by  the  mass  of  the  system  oc\rv*ert."^  to  the  intensive  p:x)perties  of 
work  per  unit  mass 


^  ■  P  Eq:aaUon  l*h*2 

If  heat  and  work  are  restri.ciied  to  transfers  of  energy  ?x;r«.^ss  the  boundary, 
what  then  is  responsible  for  the  quantity  which  is  loosely  referred  to  as 
"the  heat"  of  a  hot  body?  liatter,  because  of  the  vibratciy  and  translational 
motion  of  its  atoms  and  molecules  has  what  is  called  INTERNAL  ENERGfl.  That  is 
the  kinetic  energy  of  the  molecules  iB5>inging  on  the  sui*face  of  a  container 
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lapairt  energy  which  is  measured  in  terms  of  the  tesperature  of  the  sy^stea* 
Thus,  the  temperature  is  a  measure  of  the  internal  energy  of  a  system,  in 
fact,  it  is  directly  proportional  to  the  internal  energy,  I.E, 

I.E,  =  U  *  c  T  Equation  l.U,3a 

where  c  is  a  constant  of  proportionality  which  will  be  discussed  later. 

A  second  type  of  energy  that  matter  can  possess  is  that  of  position 
relative  to  an  attracting  body.  This  type  of  energy  is  called  POTENTIAL 
ENERGI,  For  the  p\irposes  of  this  writing  potential  energy  will  be  restricted 
to  gravitational  attraction.  This  type  of  potential  energy  is  given  by 

Potential  Energy  ■  P.E.  ■  gravitational  force  x  height 

P.E.  ®  mgz  *  Wg  Equation  1.4,3b 

The  kinetic  energy  is  the  energy  resulting  from  the  dynamics  of  matter 

and  from  basic  physics  is  given  as 

Kinetic  Energy  •  K.E,  ■  J  imi^  ,  J  —  u^  Equation  l,U,3c 

g 

The  FIiOH  ENERGY  or  FLa-J  WORK  as  it  is  more  correctly  called,  must  be 
considered  only  in  open  system  where  a  flow  process  is  involved.  It  is  the 
work  required  to  force  a  given  element  of  mass  into  or  cut  of  the  system. 

For  example,  to  inflate  the  balloon  in  Figure  1.U.2  work  had  to  be  done  on 
each  element  of  mss  dM  to  force  it  into  the  eystem.  The  work  done  on  each 
vclumctric  elemont  oortairiir*  '-c 


dW«pAdl-pd\r 


Therefore,  for  each  unit  nass  the  required  work  is 


w  *p  V 

F.E,  or  F.V/.  *  w  *  p  V  Equation  l.U«3d 

Other  forms  of  energy  such  as  chemical,  electrical  and  nuclear  energy 
¥ould  narmally  be  included  in  a  coTj^jlet^  discussion  of  the  total  energy,  but 
they  are  not  required  for  this  simplified  discussion. 

The  total  energy  of  a  system  i-.  given  by  the  summation  of  all  of  the 
significant  energies  possessed  by  the  system. 

E  ■  I.E,  P,E,  K,E,  +  F.E.  Equation  1.U.3 

E  -  U  +  M  gjB  +  i  +  m  p  v  + 
or  in  specific  values  for  a  unit  mass 

E  *  e  I  ^2  +  p  V  + 

where  e  is  the  internal  energy  per  unit  nass 
l.U.1.6  EimiALPY 

A  system  has  many  properties  that  help  to  identify  the  state.  In  some 
systems  these  properties  appear  consistently  in  specific  combinations.  It 
i*!  sc'u3times  convenient  to  express  these  combinations  of  p'.'cpcrties  as  a 
single  new  property.  Enthalpy,  h,  is  such  a  composite  term  that  appears 
frequently  in  equations  for  thermodynamic  systems.  It  is  defined  as  the  sum 
of  the  internal  energy,  e  and  the  product  p  v 

h  *  e  +  p  V  Equation  l.U.u 
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Since  e,  p  and  v  are  properties  then  h  must  be  a  property.  Because  enthalpy 
is  made  up  of  the  combination  of  internal  and  flow  energies  it  is  of  particular 
significance  in  open  systems  where  mass  flow  across  the  boxindary  must  be 
considered. 

The  relative  value  of  the  enthalpy  of  a  system  with  respect  to  the 
surroundings  represents  the  systems  capacity  for  doing  work, 

1.U.2  FIRST  LAW  OF  THERIOTYTJAMICS 

The  first  law  of  thermodynamics  is  a  statement  of  the  principle  of 
conservation  of  energy.  In  very  general  terms,  it  asserts  that  the  net  flow 
of  energy  across  the  boundary  of  a  system  by  transferring  heat  and  doing 
work  is  equal  to  the  change  in  energy  of  the  system.  Or,  in  other  works, 
energy  is  neither  created  nor  destroyed  but  merely  transferred  or  transformed, 
A  general  mathematical  formulation  of  this  principle  is  written  as 

Q  -  V/  =  E2  -  =  AE  Equation  l,b,5 

Tnat  is,  the  heat  transferred,  Q,  minus  the  work  done,  W,  is  equal  to  the 
change  in  energy  of  the  system  between  the  initial  and  final  state,  E^  and  E2, 
As  a  matter  of  convention  and  consistency,  heat  added  to  a  system  and  work 
done  by  the  system  on  the  surrounding  are  considered  as  being  positive. 

Since  from  their  definition,  heat  and  work  represent  increments  of 
energy  transferred  across  the  boundary^ the  first  law  is  often  written  in 
differential  form 

d  Q  -  dW  *  dE 
or  when  divided  by  the  mass 

dq  -  dw  ■  d  Z/vi.  Equation  l,li,5» 
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For  a  closed  system  no  flow  process  is  involved  so  the  flow  work  and 
kinetic  and  potential  energies  need  not  be  considered.  Therefore, the  first 
lav  can  be  written  as 

dq  -  dw  =  de  Equation  l.U*5b 

For  an  opened  system,  flow  does  tsdce  place  so  that  the  kinetic,  potential 
and  flow  energies  must  be  considered  a  t^q^ical  steady  flow  sj’’stem  which  might 
represent  a  pump,  refil^^rator  or  engine  of  the  noninterruil  combustion  type  a 


Fig’.U'c  1,1',  3 

In  this  system  fluid  is  entering  uhe  rysL-om  entrance  A*j_  Gud 

leaving  through  exit  A2  vd-th  entrance  ajid  ex3.t  cornii lions  as  shown.  In  r.dxUh:’.oa, 
heat  is  being  added  to  the  system  and  work  is  extracted.  It  may  be  imagined 
that  at  some  instant  pistons  are  inserted  in  the  ini.et  acd  exit  pipes  and 
that  at  an  instant  later  they  have  moved  to  the  positions  indicated  by  tlie 
dotted  lines.  During  this  time  an  element  of  mass  has  been  forced  into  the 
system  while  at  the  same  time  a  coi responding  element  lvj.3  been  moved  out  as 
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rmcsahy^  bj  the  steady  flow  condition*  Thw  net  work  done  by  tbe  aywteai  during 
this  inatdt  ie 

let  work  *  ^2  *2  "  *1 


Since  and  A2  are  the  piaton  ereaa 


'1  ^  ■  **1  h  *1  ■  Pi 


T.X 


2  2 


P2  S  *2  ■  P2  '’i 


80  the  net  work  is  then 


work  -  W  ♦  P2  Tj  ■  Pi 


n 


where  and  are  the  Tolnnea  occiqsied  by  their  reapectiTeTwaases  * 


The  internal  energies  of  the  entering  and  leavli^  wasaes  are 


Pi  *1  «d  *2  #2 


but  slncei  ia  required  by  the  steady  flow  condition,  the  increase  in 

"PH*"  ^  v>- 

intemal  energy  of  the  ayete*  ia 


1 

.similarly  the  change  in  kinetic  energy  is 


I  ^  and  the  potential  energjr  change  la 

\i  I 


Usl^  the  first  low  aid  equating  the  change  In  heat  and  aork  to  change 
in  totaX  energy  glyes  tti  expression  of  the  first  law  for  an  opened  under 

s^^y’  flow  conditions* 

1 

Q  -  w  ♦  P2  Vg  -  ■  ■  (e^  .  J  ■  (^2  _  ^2  J  ^  g  f*  ^  *  j) 


bx„  dividing  through  ty  ■  and  rearranging 


Equation  l*U*5c 

C- 

^  terns  of  enthalpies  the  equation  is 

2 

q-v-(h2*Ju2+  g«^  )  .  (h^  ♦  J  u|  ♦  8*.^  )  EquaUcB  l.U.5d 

lii  either  ton  the  steteaent  of  first  lea  glvea  considerable  insight  into 
the  workings  of  themodynanic  pxx>cesses  used  in  engine  cycles*  The  so  called 
adiabatic  process  is  of  particular  importance  in  thormodynanics*  An  adiabatic 
process  is  defined  as  one  in  which  no  beat  is  transferred  ^i*^*,  q  ■  0)* 

Thus^  an  Isolated  m^sten  is  adiabatic*  Since  the  primary  function  of  most 
practical  mglnes  is  to  convert  energy  of  some  sort  into  work^  they  may  be 
assumed  to  be  quasi  adiabatic*  That  is,  the  heat  transfer  is  small  compared 
with  the  total  energy  expended  in  the  cycle.  If  this  assuaqition  is  good  at 
least  to  a  first  approidmation  then  the  first  law  becomes  a  simple  relationship 
between  the  energy  expended  and  the  work  done* 

To  allow  further  intrepretation  of  the  first  law  it  is  conveni«t  to 

D 

define  the  enthalpy  and  internal  energy  In  terns  of  measurable  propei*tles  of  the 


system  namely  the  temperature* 


l.U.2,1  SPECIFIC  HEAT  (HEAT  CAPACITY)  AND  RATIO  OF  SPECIFIC  HEATS 

The  iicnt  capacity^  of  a  gas  is  defined  as  the  heat  required  to  raise 
the  temperature  of  a  unit  mass  one  degree  or  the  heat  per  degree* 


do 


Fron  the  first  law  it  is  seen  that 


Equation  1«U«6 


dq  -  dw  ■  de 
dq  de  +  p  d  V 

dT  ®  ^ 


Equation  l*U«7a 
Equation  l*U*7b 


Thus^  the  value  of  c  depends  on  whether  there  is  a  change  in  voluas  or  not* 
Henct^  defining  the  specific  heat  requires  a  definition  of  how  the  chmge  is 
to  occur  (i*e.«  constant  pressure,  volume,  etc*)* 

The  spf:ciflc  heat  at  constant  volume  is  obtained  directly  from  equation 
l*U.7b  where  d7  *  0  and  is  written 


s-l 


de 


Equation  1*U*8 


This  shows  that  under  constant  volume  conditions  the  specific  heat  is 
equal  to  the  rate  of  change  of  internal  energy  with  respect  to  temperature* 

This  quantity  might  be  measured  by  the  insulated  system  shown  in  Figure  l*U.lia* 
Measuring  the  temperature  of  the  constant  volume  qrstem  \uider  the  influence  of  i 
known  heat  input  and  dividing  the  heat  iiqmt  by  the  temperature  rise  gives  the 
specific  heat  at  constant  volume,  Cy* 
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1 


Figure  l.U.li 


The  specific  heat  at  constant  pressure  may  be  obtained  by  modifying 


equation  l.U.Ta 


dq  *  de  +  p  dv 

hy  adding  and  subtracting  v  dp 

dq  ■  de  p  dv  v  dp  -  v  dp 
dq  *  dh  -  V  dp 

V  di 


^  ^  dh  V  dp 

^  3T  “  dT 


Therefore 


cp 


si 


dh 


Equation  l»U*7a 


Equation  1*U«9 


Equation  l.h.lO 


Like  c^,  Cp  can  bo  measured  by  a  system  such  as  that  shown  in  Figure 
where  the  constant  volume  container  nas  now  been  equipped  with  a  frictionleas 
movable  piston  which  is  weighted  to  provide  constant  pressure  during  the 
heat  addition.  It  is  evident  from  Figure  1,U.U  that  it  takes  less  heat  per 
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degree  for  the  constant  volume  than  for  the  constant  pressure  process*  This 
is  because  the  constant  pressure  system  is  allowed  to  esqpand  during  the  heat 
addition  thus  lowering  the  temperature  per  unit  of  heat  added*  Thus  it  is^ 
that  Cp  is  always  greater  than  Cy  for  any  gas  and  that  the  ratio  of  specific 
heats 9  defined  as 


Equation  1*U*11 


is  always  greater  than  1*0* 

From  equation  1*U*8  and  l*li*10  it  is  evident  that  the  specific  heats 
can  be  used  to  determine  the  enthalpy  aid  the  internal  energy 

d^  •  c^  dT  Equation  l*U*12a 

or  e  ■  Cy  T 


and 


or 


dh  ■  Cp  dT 

h  ■  c^  T 
P 


Equation  l*U*12b 


Since  c  and  c  are  physical  constants  for  a  given  gas  it  night  be 
^  P 

suspected  that  they  may  be  expressed  in  terms  of  each  other* 

This  in  fact  is  the  cose 
h  ■  e  py 

or  from  the  equation  of  state  for  a  perfect  gas 

h  -  e  +  RT 

substituting  equations  1*U*12 

c  T  -  c_  T  ♦  RT 
P  ▼ 


or 


R  -  Cp  - 


Equation  1«U*I3 


NOTE:  For  a  perfect  gas  only* 
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1*U.3  THE  SECaiD  LAW  OF  THERMQDYNAJIICS 

The  first  law  states  #fithout  restriction  the  interchangability  of  work 
and  thermal  energy*  However^  certain  observable  but  somewhat  unexplainable 
occurrences  in  nature  lead  one  to  believe  that  this  is  not  necessarily  the 
whole  story.  It  is  to  these  unexplained  facts  that  the  second  law  is 
addressed. 

Consider  the  following  three  processes: 

1.  Two  blocks  at  different  temperatures  are  brought  together  and  are 
thermally  insulated  from  their  surroundings,  i^en  left  to  themselves  they 
eventually  come  to  the  same  temperature c 

2,  A  paddle  wheel  is  inserted  in  a  jar  of  water  and  rotated  at  high 
speed  so  that  the  energy  expended  to  turn  the  wheel  is  converted  into  heat. 

3o  A  perfect  gas  in  a  tank  at  high  pressure  undergoes  a  free  expansion 
through  a  valve  into  an  evacuated  tank.  The  temperature  remains  constant  but 
the  final  pressure  is  less  than  the  original  pressure  and  the  volume  is  greater* 
All  of  the  processess  above  take  place  as  described.  In  rach^  the  total  energy 
of  the  system  remains  constant  according  to  the  first  law. 

Now  let  us  suppose  that  starting  with  the  end  states  the  above  processes 
are  reversed.  In  the  first,  one  of  the  blocks  would  become  hotter  while  the 
other  became  cooler ,  In  the  second^  heat  from  the  water  would  cause  the  paddle 
wheel  to  rotate  so  that  all  of  the  vzork  would  be  regained.  In  the  third,  all 
the  gas  would  rush  back  through  the  valve  and  compress  itself  into  the  original 
’tank.  Obviously  none  of  these  reversed  processes  occur, but  why?  The  total 
energy  would  remain  constant  in  the  reversed  process  just  as  it  did  in  the 
original  processes.  There  would  be  no  violation  of  the  first  law.  There 
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must  therefore,  be  some  natural  principle  in  addiUon  to  the  first  law  which 
determines  the  direction  in  vhich  a  process  can  take  place*  This  priciple  is 
the  second  law  of  thermodynamics.  like  the  first,  it  is  a  generalization  from 
experience  and  is  a  statement  that  certain  processes  such  as  those  described 
above,  which  are  entirely  consistent  with  the  first  law  do  not  occur. 

1.1^. 3.1  STATS'IENT  CF  TOE  SECOND  LAW 

There  are  many  different  formalized  statements  of  the  second  law.  All  of 
then  in  effect  deny  the  possibility  of  the  occurrence  of  some  specified  process. 
A  few  of  tha  more  general  statements  are: 

not  progress  from  a  lower  to  a  higher  potentialJ»  That  is  to  say, 
heat  can  not  be  transferred  from  a  cold  to  hot  system;  a  gas  can  not  flow  from 

a  low  pressure  vessel  to  a  high  pressure  vessel;  and  thermal  energy  can  not  be 
entiraly  converted  to  work. 

The  last  '^jxsunplp,. while  not  as  obvious  as  the  first  twc^  is  none  the  less 

profound.  It  inptiey  that  the  shaft  work  and  flow  siergies  (kinetic 

potaitial)  can  be  oon/erted  at  will  to  thermal  energy  but  that  thermal  energy 

can  not  be  entirely  converted  to  work.  This  then  establishes  a  ranking  of  woric 

and  thermal  energy,  the  work  and  flow  energies  as  being  high  grade  energy  and 

theinal  energy  as  being  low  grade.  This  then  leads  to  another  statement  of  the 
second  law. 

is  iayossible  to  eonstiuct  an  engine  that  will  convert  all  of  the 
ttermai.  energy  to  work.  This  is  because  such  an  engine  works  between  two  thermal 
energy  levels,  one  generally  created  by  chemical  or  nuclear  means  and  the  other 
is  determined  by  atmospheric  conditions.  Therefore,  the  energy  that 


can  be  converted  to  useful  work  is  the  difference  between  these  two  levels* 
However,  the  total  energy  is  the  difference  between  a  given  temperature  level 
and  absolute  zero*  Therefore,  only  a  portion  of  the  total  energy  is  available 
to  do  work*  Similarly,  the  ocean  by  virtue  of  its  absolute  temperature  and 
8^*^  volume  has  considerable  thennal  energy ^but  due  to  the  lack  of  a  similar 
body  at  a  different  thermal  eiergy  level  its  energy  is  unavailable* 
l.li.3.2  ENTROPY 

It  is  apparent  that  in  each  of  the  three  processes  'jriglnally  considered 
that  some  physical  characteristic  of  their  end  states  must  prevent  reversal. 

There  must  be  some  observable  propert,y  of  the  system  heretofore  overlooked 
that  determines  the  direction  in  which  a  process  nay  take  place*  This 
property  was  found  by  Clausius  to  be  the  entropy,  s,  of  the  system.  Like  the 
internal  energy,  the  entropy  is  a  function  of  the  state  of  the  system  only  and 
for  an  isolated  system  it  can  increase  or  remain  the  same  but  never  decrease* 
Thus.in  terras  of  entropy  the  second  law  can  be  stated: 

Processes  in  which  the  entropy  of  an  isolated  system  decreases  do  not 
occur,  or  in  mere  positive  terms,  the  entropy  of  a  process  taking  place  in  an 
isolated  system  increasco  or  at  best  remains  constant • 

Furthermore,  if  the  entropy  of  an  isolated  system  is  at  a  maximum  no 
spontaneous  change  can  occur  since  any  change  would  cause  a  decrease  in  entropy. 
Therefore,  the  equilibrium  condition  of  an  isolated  system  is  defined  as  the 
maximum  entropy  condition.  Notice  that  the  above  comments  applly  to  an  isolated 
system  only*  The  entropy  oi  a  nonisolated  system  can  increase  or  decrease  by 
doing  external  work  or  by  traiwferring  heat  but  it  is  also  noted  that  if 


another  system  causes  a  decrease  in  the  entropy  of  the  original  system  that 
its  entropy  is  increased  by  at  least  the  anoont  of  the  decrease  in  entropy  of 
the  original  system. 

l.U.3.3  MATHEMATICAL  AND  PHYSICAL  INTERPRETATION  OF  EJITROPT 

A  physical  interpretation  of  the  entropy  is  not  as  easily  obtained  as  are 
other  properties.  In  a  mathematical  sense  it  is  rather  abstract;  however, 
attention  nust  be  given  to  its  mathematical  representation.  It  was 
previously  seen  that  the  work  can  be  measured  as  a  function  of  the  two 
intensive  properties  p  and  v. 

"“rev  ■  P  E<ji*tion 

where  subsiilpt  rev  is  included  as  a  reminder  that  this  dafinitlcn  assumes 
a  reversible  process. 

As  yet  no  such  representation  for  heat  has  been  formulated  since  it  is  a  function 
of  bhe  temperature  only.  This  weakness  is  remedied  by  defining  the  heat  in  tern 
of  two  state  variables  namely  the  teii;}erature  and  the  entropy  as  follows. 

dQ  ■  T  dS  Equation  1.U.15 

As  arbitrary  as  this  definition  may  seem  its  use  may  be  mathematically  justified 
by  showing  that  the  quantity  dS  ■  dQ/T  is  an  exact  differential  but  this  is  be¬ 
yond  the  scope  of  this  writing.  It  will  suffice  to  accept  the  definition  perse. 

A  physical  interpretation  of  the  entropy  of  a  eystem  is  gained  when  it  la 
realized  that  the  entropy  is  siiqply  a  measure  of  the  disorder  of  a  system. 

This  is  apparent  in  the  original  example  of  the  rapid  expansion  process  of  an 
isolated  system.  When  the  valve  was  opened,  directed  or  ordered  flow  of  the 
gas  occurred.  V/hen  the  process  was  conpleted  it  was  found  that  all  that  re¬ 
mained  was  the  random  chaotic  motion  of  the  molecules  of  the  gas.  From  the 


previous  discussion  the  entropy  of  an  isolated  system  was  seen  to  be  a 
maxinum  under  equilibrium  conditions.  Therefore,  tlie  entropy  of  the  more 
ordered  initial  condition  must  be  less  than  the  final  condition  in  fact  it  is 
found  that  the  initial  entropy  is  a  minimum.  Thus  it  is  seen  that  increased 
entropy  means  increased  disorder.  With  this  intrepretation  the  concept  of  the 
entropy  may  be  generalized  to  almost  any  system.  For  instance,  by  this 
reasoning  a  pile  of  building  blocks  has  maximum  entropy  but  when  they  are 
piled  in  some  ordered  fashion  the  entropy  beromes  les-,  Likevdse  a  ball 
sitting  on  the  edge  of  a  bowl  represents  the  minimum  entropy  condition  but 
idien  it  is  released  and  alltwed  to  come  to  rest  at  the  bottom  of  the  bowl  its 
entropy  is  a  maximum.  Thus  the  icinimum  energy  condition  is  often  associated 
with  the  maximum  entropy.  Since  it  is  well  known  that  a  system  left  to  itself 
will  seek  a  minimum  energy  condition  it  is  apparent  tne  entropy  is  measui'ing 
the  same  sort  of  thing  only  in  reverse  magnitudes.  Many  examples  of  the 
physical,  significance  of  entropy  can  be  visualized  but  it  will  suffice  to  say 
now  that  the  entropy  is  a  measure  of  the  disorder  of  a  system.  It  is  also 
found  to  be  a  measure  of  the  efricien-^y  vdth  whicn  the  process  is  carried  out. 

Sines  the  entropy  of  an  isolated  system  .  i.n  not  decr-.^ase  the  most 
efficient  process  is  performed  at  cor-otanb  entropy.  Such  a  puveess  is  said 
to  be  isentropl ?, 

An  isentropic  process  is  one  in  whicn  dS  ••  0,  Frorr  the  basic  definition, 
equation  l,h,l5,  it  is  apparent  that  an  isentropic  process  must  be  both 
adiabatic  and  reversible.  If  a  process  is  adiaceti:  but  not  reversible  the 
entropy  vjill  increase  and  the  process  is  not  is en tropic o  Therefore,  a  reversible 
adiabatic  porcess  is  isentrcpic. 


l.U.ii  COlffilNSD  FIRST  MID  SECOND  UW 

The  real  usefulness  of  thermod^niaDiics  is  realized  vhen  the  principles  of 
the  first  and  second  lavs  are  combined.  By  the  first  lav 

dq  -  dv  ■  de 

substituting  from  the  second  lav 

dq  *  T  dS 

and  also  substituting 

dv  *  p  dv 
de  =  Cy  dT 

a  basic  expression  of  the  combined  first  and  second  lavs  is  obtained 


T  dS  *  c^  dT  't'  p  dv  Equation  l.l|.16>a 

The  change  in  entropy  is  then  given  in  terms  of  thermodynamic  coordinates, 

Pp  Tp  and  v 

Equation  1.4.16b 


Substituting  ?  ^  5  ^he  equation 

T  *  V 


dS  »  c  dT  p  dv 


and  integrating  from  condition  1  to  condition  2 


r  r^z 

-  Si  -  j  <13  -  j 
^  Si 


dT 


dv 


^2  -S. 


In  *^2 


R  In  ^2 


Equation  l.U.lTa 
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By  putting  •quation  in  terns  of  another  ejcpression  for  the  changn 

in  entropy  is  obtained* 


T  dS  =  dp  +  P  dr  v  dp  -  v  dp 


T  dS  -  dh  =  V  dp  =  Cp  dT  -  V 


dS 


dT  _  V  dp 

r"  "T* 


substituting  ▼  R  fron  the  equation  of  state 

T  *P 


IMagrating  glyes  fron  1  to  2 


Equation  I.li.Ibc 


Equation 


CIIAITGE  IN  STATE 

When  a  particular  prcccc-ii  is  specified  such  as  constant  temperature, 
pressure,  volume  and  entropy,  the  expression  for  a  chcince  in  state  can  be 
sinpUlled*  The  expression  for  the  first  three  conditions  above  can  be 


obtained  by  simplif-anp  the  equation  cf  state  which  applies  to  any  procet;n. 
Constant  Temperature 

^2  Equation  l.U.laa 

^2  ■'^2' 

Constant  Pressure 


Equation  l.U.lUb 


Constant  Volume 


Equation 


still  more  Important  th«i  the  above  ralatlooa  la  the  aqaatlon  for  the  change 
in  atate  ehen  the  proceaa  ia  iaantropio  (dS  •  0)«  Thia  ralationahip  ia  obtained 
bgr  coebining  the  equation  of  atate  and  the  flrat  md  aeeond  lava*  Starting 


idth  equation  l«U«16c 


Iquation  l«U«16e 


From  the  equation  of  atate 


T  " 


dr  .  ♦  ▼ 


▼  p 


aubatituting  thia  in  equation  l«U«l6e  and  aiifOifying 


as  -  Op  (|i  ♦  ^  )  - 


«p_|L  +  Cp 


cs  dr 


0 


Integration  giveejm  ^  ® 

.^^ftTln  T't’lnp^lnK^O  * 

where  In  K  ia  the  conatant  of  integration.  Thia  e^qpreaaion  ugr  be  ravrittan 
or  b  r*  ■  K  Iquation  l.U«l8a 


where 


In  K 


A  tiailtf  «zprM8lon  in  tmxwo  of  tenperatupo  U  obtsLnod  by  lntogr«ting 
•quation  l«U.l6c  directly 


lnT-(Cp-c^)  Inp^flnKaO 


or 


In  p  - 


In  T  -  X  In  K 


'"***'*  ®  '**’  A  $  «iother  constant  of  integration* 


Iquation  l«U«l8b 


Iquation  9T%  the  equations  for  the  ehmge  in  state  for  an  issntiopic 


process. 


K 
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SECTION  II 


BASIC  AERODYNAiaC  SUiriARI 


2.1  THE  ATMOSPHERE 

2.1.1  INTRODUCTION; 

The  ■os'b  important  single  item  ariecting  the  perronnsnce  chsrscteristics 
of  an  aircraft  is  the  nature  of  the  atmosphere  through  which  it  flies.  Since 
this  is  the  case,  it  is  most  in?)ortant  that  the  test  pilot  and  engineer  hare 
an  understanding  of  the  atmosphere  and  the  capabilities  and  limitations  of 
the  instruments  hy  which  the  nature  of  this  atmosphere  is  measured.  In 
addition,  there  are  certain  definitions,  basic  assunqDtions,  and  technical 
notations,  i*iich  the  new  test  pilot  must  become  familiar  with  in  order  to 
effectively  carry  out  his  mission. 

2.1.2  THE  ATMOSPHERE:  DIVISIONS,  LIMITS 

As  a  matter  of  interest  the  chemical  composition  of  the  earth's  atmosphere 
consists  of  7S%  by  volume  of  nitorger.,  21^  by  volume  of  oxygen,  and  1%  by 
volume  of  water  vapor,  carbon  monoxide  and  other  rare  gases. 

There  is  no  well  defined  limit  to  this  atmosphere.  The  density 
decreases  slowly  from  the  surface  of  the  earth  until  at  a  distance  of  500  miles 
the  density  is  apporximately  four  molecules  of  air  oer  cubic  mile.  This  is 
normally  taken  as  the  upper  limit. 

The  atmosphere  is  broken  up  into  three  major  divisions  which  can  be 
associated  with  certain  physical  characteristics.  The  division  closest  to  the 
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earth’s  surface  is  called  the  troposphere.  It's  height  varies  from 
approximately  28,000  feet  and-50°F  at  the  poles  to  56,OOO^and  -110®F  at  the 
equator^  These  heights  and  temperatures  vary  from  day  to  day  and  with  the 
seasons  of  the  year.  This  necessitates  that  a  standard  be  established  for 
comparison  purposes.  These  standards  will  be  discussed  in  latter  sections. 

In  the  troposphere  the  temperature  decreases  with  altitude.  All 
turbulence  caused  by  convection  or  vertical  currents  and  all  weather  conditions 
are  contained  in  this  division. 

The  second  major  division  of  the  atmosphere  is  the  stratosphere.  This 
layer  of  air  extends  from  the  troposphere  outward  to  a  distance  of  approximately 
fifty  miles.  The  boundry  between  the  stratosphere  and  troposphere  is  called 
the  tropopause.  In  the  stratosphere  all  motion  of  the  air  is  mainly  horizontal 
and  little  turbulence  is  found.  In  addition,  temperature  is  constant. 

The  third  major  division  is  the  ionesphere.  It  is  the  outermost  layer 
of  the  earth's  atmosphere.  It  extends  from  approximately  50  miles  to  500  miles. 
Large  numbers  of  free  ions  are  present  in  this  area  and  all  electrical 
phenomena  occur  here.  This  layer  of  the  atmosphere  is  becoming  more  and  more 
important  vath  the  development  of  the  nation's  space  flight  programs, 

2.1.3  STANDARD  ATMOSPHERE 

As  mentioned  previously,  the  physical  characteristics  or  nature  of  the 
atmosphere  is  not  constant  but  changes  from  day  to  day  and  with  the  seasons  of 
the  year.  Since  the  performance  of  an  aircraft  is  a  function  of  the  physical 
characteristics  of  the  air  mass  through  which  it  n.ies,  it  also  will  vary  as 
physical  characteristics  of  the  air  mass  varies,  Thus^ some  standard  air  mass 
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conditions  imst  be  established  in  order  that,  performance  data  can  have  some 
aaeaning  when  used  for  comparison  purposes  c  As  will  be  shown  later,  in  the 
case  of  the  altimeter  the  setting  up  of  a  standaixi  will  allow  us  to  design 
an  instrument  for  the  measuring  of  altitude. 

At  the  present  time  there  are  several  atmosphere  standards  which  have 
been  established.  The  most  common  one  in  this  country  is  the  NASA  standard 
atmosphere.  A  more  recent  one  is  the  United  States  standard  atmosphere •  The 
European  nations  use  the  new  ICAO  (International  Civil  Aviation  Organization) 
standard  atmosphere.  All  of  these  st.nndard  .'itncspheres  are  basically  the  sane 
differing  very  little.  All  approximate  the  standard  average  day  existing  at 
UO^  N  latitude.  The  basic  assumptions  establishing  the  NASA  standard 
atmosphere  will  be  discussed,  followed  by  a  listing  of  the  differences  between 
the  three  different  standards. 

In  the  NASA  standard  atmosphere  it  is  ascum.d  that: 


a.  The  atmosphere  is  perfect  gas, 

(Obeys  the  equation  cf  state:  T/p  -  ^RT) 

b.  The  air  is  ri-y,  (I.o  vraiior  /apor  pres.-pi), 

c.  The  standard  sea  level  oenditiens  aie; 

T^  -  VJf'C  ;  Fq  =  29c5il  ”  Hg  -  7£om!.i  Hg 

(Note:  The  siubscriot  .  cerctes*  standard  sea  level  conditions), 

d.  The  tropopaase  cccurs  at  35,332  feev, 

e.  The  bemoerature  decrease  with  altitude  is  ilinear  to  the  tropcpau.se: 


'T*  =  T  V  V" 

*a  •‘•o  “  " 


where:  K  =  l?pse  rate  =  ,00356616^  F/foot 

f.  The  gravitational  field  is  a  constant  32.:.7U05  ft/sec^, 

g.  The  stratosphere  has  a  constant  temperature  of  -  55^  C  or 

-  or-  F. 


Using  these  assumptions  NASA  compiled  a  sot  of  tables  which  list  the 
physical  characteristics  of  the  atmosphere  in  terms  of  pressure,  temperature, 
and  density  for  increments  of  altitude  up  to  60,0CX)  feet.  These  tables 
are  readily  available  in  many  different  references  and  were  the  ones 
commonly  used  in  this  country  for  many  years. 

As  previously  stated  the  new  ICAO  and  United  States  standard  atmospheres 
use  essentially  the  same  basic  assumtions  as  the  NASA  standard  atmosphere* 
The  difference  between  the  three  are  best  shown  in  the  table  below; 


NASA 

NEW  ICAO 

UeSe 

Acceleration  of  gravity 

Constant 

Variable 

Variable 

Sea  level  conditions 

sane  as  given 

same  except 
To-288.1j6  ok, 
Po-29. 92126 

sane  as  ICAO 

Tropopause 

35,332ft 

36,089. 2U 

36,089.2li 

Te.i55oraouro  «ap:jc  :ate 

1.93225  X  lo’^h 

1.98120  X  10  1 

1  same  as  ICAO 

Temp,  at  Tropopause 

-56.3U‘’C 

-56.31*®C 

Defined  upper  limit 
(Based  on  the  establishment 
of  a  standard  temperature) 

60,000  ft. 

65,800  ft. 

1W,000  ft 
tentattre  to 
2U6,000  ft. 

Independent  variable  tapeline  altitude  geopotential  geopotentlal 

Notes  The  word  geopotential  is  best  defined  by  the  differential 
equations 

G  dll  -  g  dZ 

where;  g  *  absolute  numerical  value  of  the  acceleration  of  gravity 
at  true  altitude.  (The  acceleration  of  gravity  decreases 
as  the  distance  from  the  earth  increases.) 

Z  *  true  altitude 

G  »  the  dimensional  constant  32.17UO^  ft/sec^ 
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For  all  practical  purposes  in  the  troposphere  H  ■  2.  JIaking  this 
assumption  there  is  actually  only  a  1%  difference  between  the  two  at 
U00,000  ft. 

2.1.U  TECHNICAL  NOTATIONS  AND  DEFINITIONS: 

Before  proceeding  further,  let  us  review  some  of  the  basic  concepts 
of  Physics  and  some  of  the  notations  used  in  the  field  of  Aerodynamics. 

The  notations  are  essentially  a  means  of  expressing  the  technical  language 
required  in  the  engineering  field  and  one  must  have  an  uriderstanding  of 
then  in  order  to  understand  the  ideas  and  theory  written  in  the  literature. 

Teii^perature  is  a  measure  of  molecular  roiotion.  At  absolute  zero  tenp— 
erature  there  would  be  no  mclecular  motion.  The  symbol  for  temperature  is 
a  capital  T.  There  are  four  units  of  tempsraturei  degrees  centigrade  (^C); 
degrees  fahrenheit  (^F);  degrees  Rankin  (^R)|  and  degj’ees  Kelvin  (^). 

Pressure  is  a  measure  of  both  the  speed  and  the  number  of  molecules 
per  unit  volume,  or  density.  In  other  vjords  pressure  is  the  net  result  of 
all  molecular  motion,?  or  oombardment.  If  a  gas  is  heated  in  a  closed  container 
the  speed  of  the  random  motion  of  the  molecules  iricrease.*-’,  giving  rise  to  an 
increase  in  teniperat::rci  and  pressure.  When  a  gas  is  conpressed  with  no 
additton  or  sub?traction  of  heat,  there  is  an  in*!',  in  both  temperature 
and  density.  The  notation  for  pressiire  is  P  or  p.  Pressure  is  norms lly 
thought  of  as  weight  c‘r  force  per  unit  areac 

Mass  Is  weight  divided  by  the  accelera'‘’ion  of  gravity  (W/g).  The  unit 
of  mass  in  the  English  system  is  slug,  (# -f:;,  se :-). 

Density  is  mass  per  unit  volume,  (slugs/ft^).  The  notation  for  density 
is  the  Greek  letter  rho,  ( /^) , 


The  most  cominon  subscript  notations  used  are  as  follows: 
a  *  ambient  conditions, 
t  »  test  conditions  or  total  conditions. 

0  *  standard  sea  level  conditions. 

1.2; 3 4  etc  "specific  conditions 
Other  cominon  notations  and  relationships  are  as  follows: 
specific  weight  ■  weight/unit  volume. 

V  =*  specific  volume  *  volume/unit  weight  -  l/w  •  ^.g 
Boyle’s  Law 

Pi  v^  =  p^  V2  •  C  (constant  temp) 

Charle’s  Law 

v^/Tj^  *  ^2  /  ^2  pressure) 

Squation  of  State 

p//)  *  g  R  T 

where s  R  “  gas  constant  *  53.3  ft/°R  or  96.OI1  ft/®K 

a  **  linear  acceleration  (ft/sec^) 

F  -  force  *  mass  x  acceleration  ■  ma 

^  *=  delta  *  ^a  /  pQ 

<5- «  Sigma  *  //^o 

theta  “  T_  /  T_ 
a  '  o 

Absolute  zero  temperature  ■  O^K  ■  -273^0 

-  •  -U60°F 

*  ?P  Absolute  Temperature 
Ta  (°R)  *  Ta  (®F)  U60 

^  -  9/5  ^  32 

oc  «  5/9  (®F  -  32)^^^^r 


If  the  student  will  become  familiar  with  the  above  relationships 
and  notations  at  this  tine  he  will  find  the  following  discussions  much 
easier  to  follow  and  to  understand.  In  addition, a  complete  list  of  the 
standard  notations  and  symbols  used  at  the  Flight  Test  Center  is  included 
at  the  beginning  of  this  handbook, 

2,1,5  THE  MEASUREMEm’  OF  ALTITUDE 

With  the  establishment  of  a  set  of  standards  for  the  atmosphere,  and 
considering  the  problem  of  determining  ones  altitude  above  the  ground,  it 
is  immediately  apparent  that  there  are  several  different  means  by  which 
this  can  be  done.  This  also  leads  to  defining  the  type  of  altitude  as 
determined  by  the  means  employed c 

Tape  line  or  true  altitude  is  the  actual  linear  distance  above  sea 
level.  This  could  be  determined  by  tri angulation,  radar,  or  actually 
using  a  long  enough  taps^  In  a^^tual  practice  this  is  only  important  in 
climb  performance  tesin  c.ri  for  baliibtl^ 

Since  a  set  of  standards  have  been  established  which  denote  the 
standard  pressure,  temperature,  and  density  at  each  altitude,  we  now  have 
means  by  which  one's  altitude  may  be  deberruiie, 

A  tenperature  a^uitude  can  be  obtained  by  taking  a  temperature  gage 
and  modifying  it  to  read  in  feet  for  a  corresponding  temperature  as  deter- 
minined  from  the  standard  tables.  Since  inversions  are  common  and  ttie 
terperature  changes  greatly  v/itb  the  seasons  of  the  year  and  the  latitude, 
such  a  technique  would  be  impractical c 


If  some  instrument  were  available  to  measure  density  the  same  type  of 
technique  could  be  employed  and  density  altitude  determined. 

A  third  technique,  and  a  much  more  practical  one,  is  bases  on  pressure 
measurement o  A  pressure  gage  is  used  to  sense  the  ambient  pressure.  In¬ 
stead  of  reading  pounds  per  square  inch,  or  ndlliaeters  of  mercury,  it 
indicates  the  corresponding  standard  altitude  for  the  particular  pressure 
sensede  This  altitude  is  called  pressure  altitude  and  is  the  one  on  which 
all  flight  testing  is  based  today. 

2.1.6  PRESSURE  VARIATION  WITH  ALTITUDE 

This  third  technique  is  the  one  on  which  present  day  type  altimeters 
are  designed.  It  sho'ild  be  obvious  that  the  instrument  will  not  give  a  true 
reading  except  when  the  pressure  at  altitude  is  the  same  as  that  for  a  stan¬ 
dard  day.  This  will  only  be  true  if  the  pressure  and  temperature  at  sea  level 
is  standard  and  the  temperature  lapse  rate  is  also  standard.  Except  under 
these  conditions,  the  altitude  indicated  on  the  altimeter  will  be  incorrect. 

To  further  our  understanding  of  the  atmosphere  let  us  consider  the 
pressure  variation  vath  altitude  as  applied  to  the  operation  of  the  altimeter. 

Using  the  equation  of  state  and  the  U,S.  standard  atmosphere  assumptions, 
the  pressure  lapse  rate  equation! 

“  Pc  ^  6.87535x10“^  h)  Equation  2,1.1 

can  be  derived  and  used  to  detezimne  the  standard  variation  of  pressure 
idth  altitude  below  the  tropopause.  An  example  of  this  variation  is 
plotted  in  Figure  2.1.1 


ANK  p^l 


Altitude 


Pressure 

Pressure  Variation  vrith  Altitude  Fig,  2,1,1 
It  is  this  curve  which  the  altimeter  presents  as  a  reading  of  altitude. 

If  the  pressure  does  net  vary  exactly  as  orescribed  by  this  curve  then 
the  altimeter  will  be  in  error,  A  provision  is  made  in  the  construction  of  the 
altimeter  in  the  form  of  an  altimeter  sBtting,  whereoy  the  scale  reading  can 
be  adjusted  up  or  dcvjn  (f'e  sar'E  as  moving  the  curve  of  Figure  2,1,1 
vertically)  so  that  the  altimeter  will  read  the  true  elevatiorx  of  the  gi'ound 
if  the  aircraft  descends  to  ground  level* 

Figure  2,1,2  shows  the  pressure  variation  with  altitude  for  a  standaixi 
daj’’  and  for  a  non-standard  day  called  a  test  day. 
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Altitude 
True  altitude 


Pressure 

Altitude 


Standard  Day  and  Test  Day  Pressure  Variation  with  Altitude  Fig,  2.1.2 
If  the  aircraft  is  flying  at  some  true  altitude  on  a  test  day  the  altimeter 
will  sense  the  corresponding  pressure  as  shown  by  the  intersection  of  the 
long  and  short  dashed  lines.  However,  since  the  altimeter  is  built  around 
the  standard  curve  (shown  by  the  solid  curve)  the  instrument  will  indicate 
the  altitude  labeled  "pressure  altitude". 

In  order  to  see  how  temperature  affects  the  pressure  lapse  rate,  consider 
the  forces  acting  on  a  unit  element  of  the  atmosphere. 


P  ♦  dP 


Fig.  2.1.3 
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VHiere  V/  =  w  x  volume  =  p\i  v.  dKdA 
£  F  =  0 
F  PA 


Pd/i  -  (P  +  dP)  dA  -  ^  ...  0 

PdA  -  (P  +  dP)  dA  -  wdH  dA  *  0 

-  dP  “•  vd  rl  =  d  ii 


dP/dH  -  - /O  (Slope  oi'  the  curve  '  Ig's. 
and  from  the  equation  of  stact. 


fi  rs 


.1.2) 

Kqaation  2*j.,? 


P  »  g  RT  or  /Og  =  P__ 
^  HT 


Equatioi'.  ?•?.,! 


Therefore  the  slope  of  the  curves  in  Figures  2^1 «!  and  2,1,2 


(dH/dP)  *  -  f  (T) 


Tx^uatioi  2,1^.’' 


.ills  moans  that  the  greater  the  temperature  the  greater  the  negative  slope 
of  the  curve.  Inspecting  Figure  2*1.2, one  can  note  that  for  every 
constant  pressure  tne  slope  of  the  test  day  cur’e  in  greater  than  t'lat  of 
the  standaid  day  curve*  Thun,  the  t’-empcratui’e  for  tiie  test  day  is  wsunTie** 
than  that  for  the  standard  day. 

This  var;lar:.ce  berrrfeen.  true  altitude  and  pressure  altitude  ic  net  as 
impertant  as  it  mignt  seem  at  first.  As  mentioned  previousl;'',  tj^-.e  altitude 
is  only  important  in  climb  pcrfor!riance  tests  and  for  certain  baLlistij 
purposes*  In  later  sections, '.limb  pevf un-iarco  -Ml  discussed  and  the 
techjiique  by  T-tich  pressure  altitude  ruay  be  coincotad  to  give  time  altitude 
vdll  be  exnlaipcdo 


The  forces  acting  on  an  aircraft  in  flight  are  not  directly  dependent 
on  the  ambient  or  absolute  air  pressure,  but  they  are  directly  dependent 
upon  the  air  density.  Thus,  in  theory,  density  altitude  is  the  independent 
variable  vjhich  should  be  used  for  aircraft  performance  comparisons.  However, 
from  a  practical  standpoint  since  density  is  determined  by  pressure  and 
temperature  through  the  equation  of  state  relationship,  pressure  altitude  is 
used  afi  the  independent  variable  with  test  day  data  corrected  for  non  stan¬ 
dard  temperatureo  This  greatly  facilitates  flight  testing  since  the  test 
pilot  can  always  hold  a  given  pressure  altitude  regardless  of  vjhat  the  test 
day  conditions  are.  Twenty  thousand  feet  pressure  altitude  is  the  sane 
from  one  day  to  the  next  and  from  one  aircraft  to  another.  The  parameter 
that  does  vary  vail  be  the  temperature.  By  applying  a  correction  for  non¬ 
standard  temperature  to  performance  data  as  will  be  explained  later,  the 
data  can  be  presented  for  any  pressure  altitude  under  standard  day  conditions. 
Presented  in  this  form,  pressure,  density,  and  tape  line  altitudes  are  all  equal. 
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2.2  AIRSPEED  SYSTEI'I  THECRY 
2.2.1  imODUCTION 

The  rundameiital  fact  to  understand  in  the  theory  of  airspeed  systems 
is  that  the  airspeed  indicator  is  a  pressure  measui’inj^  instrument,  not  an 
instrument  which  measures  the  speed  at  vrhich  an  airplane  moves  through  the 
air.  Actually  the  airspeed  indicator  senses  the  difference  bet/:een  tv/o 
pressures,  the  total  pressure  (]^)  and  the  static  pressure  (Ps).  These 
pressures  are  usually  sensed  in  the  pitot  tube  although  some  adTplanes 
have  the  static  source  pick-up  located  on  the  iliselage. 

It  is  desirable  to  have  the  airspeed  indicator  register  true  airspeed 
for  use  in  navigation,  but  this  is  not  possible  for  all  conditions  of 
altitude  and  temperature  if  we  are  to  have  a  simple  instrument  which  only 
senses  a  pressure  differential.  This  fact  V7i.ll  be  discussed  in  detail  later. 
The  puiT^ose  of  this  discussion  is  to  derive  the  relationship  between,  the 
difference  in  pressures  (A?  *=  -  P^)  aiid  the  quantity  which  is  read 

from  the  airsoeed  indicator  (assuming  no  instranent  or  position  eri’ors). 

In  other  words,  ue  desire  an  equation  of  the  form,  V  =  f  (AP) . 

This  relationship  is  necessary’  to  mark  or  caJ.ibrate  the  dial  in  speed 
units  rather  than  in  differential  oressure  'ivhich  is  actually  sensed  oy  the 
airspeed  indicator.  This  relations ’nip  can  be  derd.ved  from  I>ernoulli’s 
equation,  which  relates  velocity  with  the  pressure  and  density  along  a 
streamline.  Two  different  equations  idll  be  obtaj.ned.  One  assumes  the  air 
to  be  an  incompressible  fluid;  that  is,  the  density  remains  constant.  The 
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other  considers  the  density  of  the  air  to  change  when  coining  to  rest  in 
the  pitot  tube.  The  first  equation  will  give  nearly  correct  results  for 
low  airspeeds  (below  200  -  250  knots)  but  becomes  increasingly  inaccurate 
as  the  airspeed  is  increased.  The  second  equation  gives  accurate  results 

since  it  allows  the  density  to  change  as  it  actually  does  when  the  velocity 
and  pressure  changes. 

This  discussion  will  not  consider  the  effects  of  shock  vjaves  on  the 
pressures  sensed  by  the  pitot  -  static  system. 

2.2.2  EULER’S  EXjUATION 

First  the  differential  equation  for  fluid  motion  known  as  Euler's 
equation  will  be  derived.  From  this  equation  Bernoulli's  equation  is 
obtained.  The  derivation  of  Euler's  equation  is  simplified,  but  the  results 
obtained  are  identical  to  that  obtained  using  a  rigorous  derivation. 

Consider  a  non-'/iscous  steady  horizontal  flow  of  a  fluid  through  a 
streamtube  as  shovm  in  Figure.  No.  2.2.1.  Imagir.e  within  the  fluid  a  very 
small  rectangular  boxshaped  boundary  with  a  lenght  of  dL  and  an  area  dA  as 
sho;.Ti.  The  fluid  enters  the  boundary  at  the  front  face  (face  l)  and  leaves 
at  the  rear  face  (face  2).  The  velocLv^y  and  pressure  of  the  fluid  changes  in 
going  frem  face  1  to  face  2,  The  force  acting  on  the  front  face  is  dA  and 

the  force  acting  on  the  lear  face  is  ?2  v;her>3;  AP  =  P2  - 
P^  dA  «  (P^  +  AP)  dA 
P2  dA  »  P^  (dp/dL)  (dL)  dA 
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dP/dL  ia  the  rate  at  v/hich  the  preosiire  changes  in  the  direction  of  flou* 


lir-ire  2.2.1 

The  not  force  actin-  on  the  il^iid  in  tie  boundr/  is: 

F  =  P._dA  - 

F  =  Pylk  +  dP/dL  (dL)  dA 

x’  =  -  dP/dL  (dL  dA) 

Ilev.’ton's  Second  Law  of  .lotion  states  tiiat  an  unbalanced  or  net  force 
is  CQual  to  the  time  rate  of  chanpe  oX  momentum  or: 

U') 

dt 

It  is  assumed  that  the  flow  is  ste'^'''^  so  that,  at  any  time,  the  same 
quantity  of  mass  is  within  the  boundaiy.  The.refo2’G,  Fewton's  Second  Law 
may  be  written  as: 


The  net  force  irill  cause  an  acceleration  of  the  fluid  ±n  the  boundary. 
Thus  if  tiie  pressure  is  greater  at  (l)  than  at  (2)  the  velocity  will  increase 
from  (l)  to  (2),  dsinf'  ilevjton's  Second  Law: 


F  -  .  S  dL  dA 

dij 


ria  .  m  /'dV^ 
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The  MSf  (m)  of  the  fluid  wLthln  the  boundary  can  be  deteralned  froM 
the^  density  and  Tolune. 


«  •  f’x  Vol.  -  ^dL  di 

so  that 

F-.^dL  dl  •fdl  dJ.  £ 

«<  dt 

sliiq)llf>lng: 

■ 

1 

-  dP  -  Pdl  dt 

dt 

but 

^  ■  V  (instataneous  Telocitgr  of  fluid) 

therefore 

-  dP  -  PV  <ff 

f  V  d7  +  dP  •  0  (Eaa«r'8  Equrtlon)  Biiu«tioo  2.2.1 

2.2.3  INCOMHiESSIELE  CASE 

Now  consider  the  fluid  as  being  incon^ressible  so  that  the  densityj^^^H 


reflialns  eonstmt*  Euler's  differential  equation  with  the  density  constoit 
o  “ 


can  now  be  solved 


y^<w  -  /( 

*  JiS  •  C 
♦  P  •  c 


0  -  C 


t 

J 


Equation  2«2«2 


This  equation  is  Bernoulli's  inco^>re8sible  flow  equation  and  applies 

°  a 

whenever  the  density  of  the  fluid  does  not  change.  The  tern 


called  the  dynamic  pressure  and  is  denoted  by  the  symbol  q* 

q  ♦  P  -  C 


The  value  of  the  conatant  C,  called  the  Head^  is  a  measure  of  the 
energy  in  the  flow*  The  value  of  C  for  all  points  alcmg  a  streamline  will 
remain  constant  providing  no  energy  is  added  or  removed  from  the  flow  be¬ 
tween  the  points  in  question*  Therefore,  Bernoulli's  equation  cam  be  used 
for  two  points  on  the  same  streamline*  Conditions  at  points  A  and  B  will 
be  denoted  by  subscripts  a  and  b. 


I 


C 


(Since  -  ft  .  (®) 

^ .ev  .  ^ 

2  2 

Bernoulli's  equation  can  be  applied  to  the  pitot  tube.  Consider  the  “ 
air  approaching  the  airplane  at  a  velocity  (equal  and  opposite  in  dir¬ 
ection  to  the  true  airspeed  of  zbe  airplane).  The  air  slows  as  it  approaches 
the  pitot  tube  and  finally  comes  to  rest  relative  to  the  airplane  in  the 
pitot  tube.  Refer  to  Figure  2.2.2. 

I 

Free  Stream  CondiUons  Conditions  at  Point  B 

Point  A 


Pitot  -  Static  Tube  Figure  2*2.2 
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The  presstire  of  the  air  far  ahead  of  the  airplane  la  and  is  equal 
to  the  pressure  sensed  by  the  static  port  (assuming  no  position  error)* 
The  total  pressure^  P  is  saised  by  the  total  head  port*  The  equation 

w 

now  becomes: 


Ap 


p.  - 

L 


eV 

2 


Solving  for 


Equation  2*2*3 


This  equation  shows  that  if  the  airspeed  indicator  sensed  density 
as  veil  as  differential  pressure  true  airspeed  could  be  obtained*  Since 
the  airspeed  indicator  only  senses  differential  pressure  the  equation  must 
be  modified  before  the  dial  of  the  indicator  can  be  calibrated* 
ifultiply  the  right  hand  side  of  the  equation  bv  /  'fo 
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This 


Equivalent  airspeed,  V^,  definition  is  equal  to 
equation  is  the  desired  equation  for  the  incompressible  case.  Since 
is  a  constant,  the  equation  may  be  simplified  to: 

Vg  =  29  a/K~V 
(idth  Vg  in  ft/sec) 

AP  in  Ib/ft^ 

Mote  that  this  equation  is  of  the  form,  V  »  f  (  AP),  where  the  V  is 

incompressible  case.  In  order  to  determine  for  this  airspeed 

system  one  need  o!ily  to  know  the  density  of  the  air  and  V  since; 

6 

V 

^  *  A- 

The  old  Eo3  co.iputer  performed  this  operation  by  setting  in  the  tenp- 

erature  and  pressure  altitude  (the  only  two  variables  necessary  to  determine 
the  density). 

This  equation  gives  accurate  enough  results  at  low  speeds  (below 
250  knots)  and  was  used  to  calibrate  airspeed  indicators  until  the  advent 
of  the  high  speed  airplanes  of  V/orld  I.^ar  II  and  later.  It  is  based  on  an 
assumption  that  is  not  exactly  true,’  namely,  that  the  density  of  the  air 
remains  constant. 

2.2.)4  COMl'RESSIBLi:  CASE 

Euler's  equation  is  more  difficult  to  solve  when  considering  the 
density  to  change  as  the  pressure  changes.  If  the  changes  to  the  proper¬ 
ties  of  the  air  along  a  streamline  occur  adiabatically  (no  gain  or  loss  of 
energy)  and  are  continuous,  pressure  and  density  may  be  related  by  the 
isentropic  relationship: 
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K  (constant) 


where 


Since 


a  constant  (for  air  equal  to  l.U)# 


ee 


then: 


Tr 


Substituting  these  terms  in  Euler *s  equation  and  intergrating  we  arrive  at 
a  new  form  of  Bernoulli's  flow  equation. 


i!  ,  y  ^  . 
2  y  -  1  •  e 


Equation  2,2,5 


This  is  Bomoulli’s  equation  for  a  compressible  fluid.  Note  the 

differences  when  compared  vath  Bernoulli's  equation  for  an  imcoii5>ressible  fluid. 

Next,  Bernoulli's  compressible  flow  equation  will  be  applied  to  the  pitot 

tube  as  was  done  for  the  incompressible  case.  In  the  total  h''ad  port  the 

velocity  is  zero,  pressure  is  the  total  pressure,  P  and  the  density  is  the 

total  density,  p  , 

x» 


From  this  equation  a  relationship  for  V.  in  terms  of  Px  ,  P  ,  and 

w  V  &  A 

can  be  derived. 
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The  following  equations  for  compressible  flow  are  derived  in  Section  5 


and  presented  in  this  section  to  c  onplete  the  investigation  of  airspeed 
instraments  designed  to  measure  speed  in  the  compressible  flow  regions  of  flight* 


“  -  V  'ffe  Ta  V  *’V^a 


Equation  2. 2.6 


n  .  Vt/a 


Equation  2*2»7 


( 


1  + 


) 


r/(y- 1) 


Equation  2*2«8 


P  3-5 

p;  •  (  1  *  .2  m2) 

Equation  2.2*8  is  very  useful  in  the  study  of  aerodjTiamics*  It  is  used  to 
determine  the  total  pressure  of  a  moving  fluid  if  the  Mach  number  and  static 
pressure  are  known. 

An  equation  is  now  desired  where  V  «  f  (  AP).  Using  equation  2.2,8  an 
expression  for  A  P  will  be  determined*  Substracting  1  from  each  side  of 
equation  2.2,8  we  have 


( 


1  + 


) 


y/(^- 1) 


1 


y  - 1 
2 


^  A  y- 1) 

- 1 
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•yAV- 1) 


This  equation  shows  that  Mach  number  can  be  determined  by  haring  an 
instrument  which  measures  A  P  and  •  This  is  the  way  the  Machsster  ia 

is  designed.  It  is  essentially  a  combination  of  an  airspeed  indicator 
which  senses  AP  and  an  altimeter  which  senses  P|^  • 

An  equation  for  is  still  desired  and  it  can  be  easily  obtained  from 
equation  2.2.9 

Since  jj  .  u  or  M  a  ■  V . 

a  ^ 


Then 

M  a  ■  Y^e  R 
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Equation  2«2*10 


«  0 


4 


[( 


•u  - 

Pa 


(r-iyg 


-] 


Note,  that  to  have  an  airspeed  indicator  give  true  airspeed  directly 
it  must  sense  three  variables.  A?,  and  This  is  a  conqjlicated 
instrument,  although  such  airspeed  indicators  have  been  built.  If  this 
equation  is  modified  by  using  sea  level  standard  day  ten^jerature  (^o)  and 

pressure  (^o)  instead  of  the  free  stream  temperature  and  pressure  it  then 
becomes: 

V,  (S.L.  Sf d  Day)  .  [(^Ap  . 

An  airspeed  indicator  calibrated  from  this  equation  will  only  indicate 
true  airspeed  when  the  airplane  is  flying  at  sea  level  under  standard  temp¬ 
erature  conditions.  Note,  however,  that  this  equation  is  of  the  form  desired; 

that  is,  the  velocity  is  a  function  of  only  one  variable*  A  P,  or  P  -  P 

^  t  a’ 

This  is  the  equation  used  to  calibrate  the  present  day  airspeed  indicator  but 
it  will  only  register  under  special  conditions.  The  quantity  which  it 
indi'oates  is  called  calibrated  airspeed  (V^).  (Instrument  and  position  erroi^ 


assumed 

Thus  : 

zero , ) 

[(^ 

.  A  -  n 

Or 

/  J  Equation  2.2.11 

(Since  P  ,  g  BT) 

f 
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Introducing  the  constant  values  simplifies  the  equation  to: 


V 

c 


(in  ft/sec) 


We  therefore  read  calibrated  airspeed  directly  from  the  airspeed  in¬ 
dicator  (neglecting  instrument  and  position  errors)  but  it  is  still  desired 
to  know  the  true  airspeed  of  an  airplane*  The  procedure  to  determine  true 
airspeed  is  not  as  obvious  as  it  was  for  the  incompressible  equation  in  which 
we  only  had  to  correct  the  indicated  reading  for  density.  Our  problem 
would  be  simplified  if  we  could  determine  the  equivalent  airspeed  from  the 
calibrated  airspeed  since: 

Ve  = 

Then  we  could  easily  determine  true  airspeed  by  making  a  correction  for 
density,  V7e  will  now  derive  an  equation  for  for  the  compressible  case. 


•  V 
«  •  e 


’fen 


Ap 


3 


Equation  2.2*12 


Note  that  this  equation  is  the  same  as  the  equation  for  Vq  except  that 
replaces  The  difference  between  and  is  denoted  as  and  can 


be  written  as: 


A  V,,  =  .  V 


e 


2-2U 
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Therefore 


Equation  2 t 2.13 

Note  that  if  P  =  P  (pressure  altitude  of  S.L. )  V  vail  equal  V  so 

c  e 

^7^  is  zero  regardless  of  the  roagnitude  of  Ap.  Also,  ve  can  calculate 

^  for  any  altitude  and  any  values  of  V  (since  a  value  of  V„  determines 

c  ^ 

P) .  The  calculated  values  of  ^^7^  will  apply  to  all  airplanes,  and  a 

granh  or  table  of  A  7^  vs  and  pressure  altitude  are  presented  in  the 

Flight  Handbooks  for  all  aircraft.  The  quantity  A7  is  called  the 

0 

compressibility  correction  to  the  airsoeed  inciicator  This  tenn  is  some¬ 
times  misunderstood  to  mean  that  this  correction  is  only  necessary  v^hen  the 
airplane  is  going  supersonic  or  generating  shock  waves.  At  a  pressure  altitude 
of  sea  level  this  correction  remains  zero  even  at  supersonic  speeds,  and  the 
correction  may  be  substantial  even  at  low  calibrated  airspeeds  at  high  altitude. 
Refer  to  the  graphs  of  A7^,  vs  7,.  AFFTC  TN-59-a6  Charts  A-67-7Cc 

In  order  to  determine  true  airspeed  from  calibrated  airspeed,  first 
find  the  equivalent  airspeed  usinp:  uhe  compressibility  correction.  Then 
the  true  airspeed  may  be  easily  determined  by  applying  the  density  correc¬ 
tion  in  the  same  manner  as  descrii'od  in  the  section  on  incompressible  flow. 

2.2,5  functional  HELATIONCHIPS 

^  rom  the  previous  paragraohs  v.’e  con  ncr-j  make  functional  relationships 
for  various  types  of  airspeed  and  Macu  number, 

-  f  (P.  ,  Pp  f  ip 

L  •  f  (A.  p.) 

L  ■  ^  Pq)  •  ^  (Ap) 
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A  v,,  -  f  (P  ,  PJ 

M  ■  f  (F.  P  )  but  since  V  ■  f  (^  )  and  H  ■  f  (P  )  then 
X  >  a  c  t  c  a 

M  *  f 

K/  w 

2.2,6  USB  OF  COMPUTn?S 

It  should  be  mentioned  again  that  the  computer  face  of  the  E6B  dead 
reckoning  computer  only  determines  true  airspeed  from  equivalent  airspeed 
and  does  not  include  the  compressibility  correction  ( 
applies  to  the  high  speed  version  of  the  E6B  type  computers  (Type  C-IO) 
except  that  a  correction  factor  table  is  presented  on  the  sliding  card 
as  a  means  of  obtaining  true  airspeed  correctly.  The  old  D-5  circular  slide 
rule-type  computer  (if  any  are  still  in  use)  takes  into  account  the  compress¬ 
ibility  correction  ( A  )  in  determining  true  airspeed  from  calibrated  air¬ 
speed.  The  D-li  computer  is  inaccurate  (errors  of  2^%  or  more)  when  determining 
true  airspeed  at  high  altitudes.  The  type  B-11  dead  reckoning  conqjuter  (circular 
slide  rule  type)  considers  the  compressibility  correction  in  deterralnijig  true 
airspeed.  In  using  the  £-11  computer  the  ambient  temperature  must  not  be  used 
directly  to  determine  true  airspeed  but  the  indicated  temperature  from  the  free 
air  temperature  gage  must  be  used  if  one  is  installed  in  the  airplane.  The 
indicated  temperatures  used  are  based  on  a  temperature  recovery  factor  of  0.80 
for  the  true  airspeed;  only  the  pressure  altitude  and  calibrated  airspeed  are 
required.  The  Mach  number  scale  of  the  conputer  is  determined  from  equation 
2o2ol0  and  gives  accurate  results, 
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2.3  AEROD:^i:;jac  fop.gss 

2.3  a  IKTR3DPCT10I: 

iiie  pcrrorifianc©  oT  an  aircrart  is  directly  re?_ated  to  the  Torces  actinf; 
on  it.  An  exaMination  of  the  primary  forces  acting,'  on  the  aircraft  shows  that 
thei G  are  four:  lift^  weight,  thrust  and  drag.  For  perforriance  analysis  all 
are  considered  to  act  through  the  center  of  gravity  as  shown  in  Figure  2.3.1  below. 


Figuie  2. 

If  the  thrust  exceeds  the  di'af  the 
path  and  is  said  to  have  excess  thrust. 


3.1 

aircraft  accelerates  along  the  flight 
=  T  -  D.  If  the  lift  is  greater 


than  the  ueigiit  ti:c  aircrai’t  is 
acceleration  v;hich  is  equal  to 


said  to  be  maneuvering  and  has  a  normal 
i/ne  ratio  of  the  lift  to  the  v.'eight  component. 


n 


or 


L 


n'J 


Equation  2,3«1 
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Thrust  is  directly  attributable  to  the  power  plant  while  lift  and  drag  are 
aerodynamic  forces  which  result  from  the  reaction  of  the  air  flowing  over  the 
aircraft,,  It  is  the  aerodynamic  forces  which  we  wish  to  investigate  in  this 
section. 

In  order  to  properly  orient  ourselves  to  the  language  used  in  aerodynamics, 
let  us  put  forth  n  few  commonly  used  definitions. 


Figure 

Chord-Line  is  the  straight  line  between  the  leading  edge  and  trailing  edge 
of  the  wing  or  c""  the  m.  rn  •-•nber  line  end  points.  | 

Mean -Line  or  Mean -Camber  Line  is  the  line  described  by  points  which  are 

'  t 

.  .'.'ren  the  upper  and  lower  surfaces. 

Camber  is  a  measure  of  the  curvature  of  an  airfoil  as  evaluated  by  the 
height  of  the  mean  camber  line  above  or  below  the  chord  line. 


Wind  refers  %o  the  notion  of  the  eir  irelsitive  to  the  Aircraft 
and  is  eqxial  and  opposite  to  the  velocity  of  the  aircraft, 

In^  of  Attack  is  the  angle  between  the  relative  wind  and  the  chord  line. 
Center  of  Pressure  (C,P.)  is  point  on  the  airfoil  through  which  all  of  the 
aerodynamic  forces  may  act  without  the  creation  of  a  nonent. 

Resultant  Aerodynamic  Force  is  the  summation  of  all  of  the  aaxw^anic  forces 

acting  on  an  airfoil.  Its  point  of  application  is  at  the  center  of 
pressure, 

Uft  is  the  component  of  the  resultant  aerodynamic  force  which  is  perpendicular 
I  t.  the  relative  wind, 

m 

is  the  coiqsonent  of  the  resultant  aeroc^aalc  force  which  is  parallel  to 
the  relative  wind. 

Aerodynamic  Center  is  the  point  on  the  wing  through  which  the  aerodynamic 

forces  may  act  such  that  the  moment  coefficient  is  constant  for  1 
angles 

The  angle  ^  is  the  angle  between  the  lift  vector  and  the  resultant  aerodynamicl 

Aero'^amics  is  a  speciaUzed  brand^f  fluid  mechanics.  While  it  is 
possible  to  consider  lift  and  drag  from  a  fluid  mechanical  view  point  it  is  not 
necessary  for  the  development  of  the  basic  relaUons .  An  involved  development 
of  fluid  mechanical  relationships  will  be  deferred  until  later. 


2*3.2  AERCDTCAMIC  FORCE 
2.3.2.1  GiUERAL 

Prior  to  launching  into  a  mathematical  dissertation  let  us  qualitatively 
consider  some  of  the  physical  concepts  of  fluid  flow  which  result  in  the 
development  of  aerodynamic  lift  and  drag. 

From  the  definition  it  is  evident  that  the  aerodynamic  lift  and  drag  can 
be  resolved  into  one  resultant  aerodynamic  force,  F,  acting  through  the  center 
of  pressure  as  shown  In  Figure  2.3.2.  It  is  this  resultant  force  with  which 
we  shall  first  be  concc?rned. 

There  are  two  basic  forces  which  act  on  a  body  in  fluid  flow.  Frictional 
forces  arise  because  of  the  viscous  or  adhesive  qualities  of  the  fluid.  That 
is,  the  fluid  is  sticky  and  tends  to  cling  to  the  surface  like  cold  molasses 
to  a  spoon.  While  the  viscosity  of  air  is  considerably  less  than  molasses, 
viscous  effects  are  still  present*  Pressure  forces  are  particularly  significant 
since  they  are  the  ones  which  produce  lift.  A  body  in  a  fluid  is  acted  upon  by 
two  pressure  forces:  The  static  or  ambient  pressure  which  is  the  same  over 
all  of  the  body  and  the  dynamic  pret^sure  or  pressure  due  to  motion  which  produces 
regions  of  high  aid  low  pressure  over  a  body.  We  are  all  familiar  with  static 
pressure.  It  is  the  pressure  acting  on  the  surface  of  your  body  right  now. 

We  are  also  familiar  with  dynamic  pressure.  It  is  the  pressure  we  feel  when 
vje  put  our  hand  outside  of  a  moving  vehicle.  In  the  case  of  the  moving  vehicle, 
we  find  that  the  static  riressure  continues  to  act  uniformly  over  the  surface 
but  that  the  dynamic  pressure  is  superimposed  on  it  to  produce  a  resultant 


force  which  must  h3  resisted  by  the  muscles  of  our  arm.  If  we  represent  out 
hand  by  a  flat  plate  we  can  pictorially  show  the  effects  of  static  and  dynamic 
pressure , 


F 


F 


Static  Pres  S' ire 
(no  lift) 


Dynamic  Pressure 


Static  +  Dynamic 
Pressure 


Figure  2.3.3 

Note  from  the  above  sketch  that  pressure  always  acts  perpendicular  to  the  sur¬ 
face  aid  that  the  lesultant  force  is  produced  only  by  the  dynamic  pressure. 
From  the  latter  observation  we  might  guess  that  the  force,  F,  is  given  by  the 
product  of  the  dynamic  pressure  and  the  area  of  the  plate,  S, 

F  *  qS  Equation  2.3.2 

where  ^ 

The  result  unfortunately  is  not  this  simple  since  it  is  possible  to 
develop  considerably  larger  farces  from  an  airfoil  than  is  predicted  hy  this 
equation,  V/hile  q  and  S  are  definitely  factors  in  the  aerodynamic  problem 
they  are  not  the  only  variables  to  be  considered  as  will  be  shovm. 
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Consider  the  forces  acting  on  the  turning  vane  shovm  below: 


V 


To  simplify  the  problem. let  us  assume  that  the  iluid  is  nonviscous  and 
incompressible «  Hence,  ve  have  no  compressibility  effects  to  consider  and  no 
frictional  forces  to  slow  down  the  flow  as  it  passes  over  the  vane.  We  can 
calculate  the  force  acting  on  this  vane  by  the  application  of  Newton’s  second 
law. 


F  "  na 


d(mV 

dt 


This  states  that  the  force  is  equal  to  the  change  in  momentum  which 
when  differentiated  gives 


F  =  ^ 

^  dt 
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The  second  term  is  zero  since  there  is  no  change  in  the  mass  flow  as  it 
passes  over  the  vane.  Also, when  the  flow  is  steady  and  frictionless  there  is 
no  chaige  in  velocity  with  the  passage  of  time.  Therefore, the  above  equation 
becomes 


substituting  these,  the  above  equation  becomes  (V2)“(V^)  (V2) 

F  *  e  VA  A  V  -  P  VA  (V2  -  V^) 

where  P  *  density 

A  ■  cross-sectional  area  of  the  stream 

Since  velocity  is  a  vector  quantity  we  must  take  the  vector  difference  by 
considering  the  changes  in  both  magnitude  and  direction.  Since  the  flow  is 
steady  and  frictionless  there  is  no  change  in  the  magnitude  of  the  velocity; 
hcMBver,  the  stream  is  deflected  through  90  degrees.  Performing  the  vector 
subtraction  yields  the  following  result 
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Substituting  this  result  into  the  force  equation  gives 

F  •  ( f>  VA)  i.uiiiv  ‘  i.uaitA  e 

Multiplying  and  dividing  by  2  gives  a  more  familiar  form  to  the  force  equation 
F  =  2.828  A  «  2.828  q  A 

Thus,  we  see  that  the  momentum  analysis  used  on  the  turning  vane  has  provided 
an  unexpected  increase  in  force  over  that  predicted  by  the  simple  energy 
analysis.  While  a  turning  vane  differs  from  an  airfoil^in  that  the  airfoil 
is  immersed  in  the  fluid  and  the  turning  vane  is  not,  they  are  similar  in 
function  in  that  both  cause  a  deflection  of  the  flow. 
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Another  means  of  visualizing  aerodynamic  lift  is  to  consider  what  h^pens  in 
a  venturi  in  steady  incompressible  flow  (6  *  const) 


figure  2.3.6 

In  steady  flow  the  amount  of  fluid  going  past  station  equals  the 
amount  past  station  @i  Because  the  cross  sectional  area  is  smaller  at 
station  the  velocity  must  be  faster  to  get  the  same  amount  of  fluid  past 

station  as  it  is  going  past  station  .  This  is  shewn  by  the  following 

equation 

since  density  is  constant  in  incouprecsible  flow 


I 


2-3.^ 


I 


For  the  venturi  shown  is  greater  than  ilgj  thereforCiVg  is  greater  than 
by  the  ratio  of  A^/Ag. 

Now  referring  to  the  incompressible  Bernoulli  equation, 

P  +  i  P  *  constant 
writing  this  for  station  ®  and  0 


and  solving  for, 


We  have  already  seen  that  V2  is  greater  than  so  that  the  quantity  in  the 
parenthesis  is  positive.  This  positive  number  is  subtracted  from  P^.  This, 
then  shores  that  P^  is  less  than  P^  or  that  the  pressure  is  lower  in  the  throat 
of  a  venturi. 

From  this  we  can  draw  an  analogy  between  an  airfoil  and  the  venturi. 

Let  '1C  ox'':;lne  the  flow  through  the  ventui.  Figure  2,3,6,  A  particle 
starting  on  the  center  line  at  station  stays  on  the  center  line  through 
to  station  (D  while  particles  starting  on  either  side  of  the  center  line  move 
tovjard  the  center  line  as  they  approach  station  @  and  away  from  the  center 
line  as  they  go  from  station  @  to  @  ,  \he  farther  away  from  the  center 
line  the  more  pronounced  is  this  effect. 

How  let  js  look  at  the  flow  over  the  upper  portion  of  a  flat  bottomed 
airfoil. 
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Figure  2.3.7 

Note  that  the  flow  moves  up  and  over  the  wing  in  much  the  same  way  as 
it  does  over  the  lower  half  of  the  venturi  and  that  the  farther  away  from 
the  wing  stream  lines  are,  the  less  they  are  deflected*  Theoretically  the 
s  orear-ilines  at  cin  infinite  distance  from  the  wing  are  undeflected.  From  this 
it  is  obvious  that  the  flow  over  the  wing  is  very  similar  to  the  flow  over 
the  lower  half  of  a  venturi,  in  which  case,  low  pressures  are  created  over 
the  upper  surface  of  the  wing  while  ambient  pressure  or  even  some  dynamic 
pressure  acts  on  the  underside.  Thus ^ an  aerodynamic  force  is  created  due  to 
this  pressure  difference^  It  should  be  noted  that  as  the  airfoil  becomes 
thicker  the  pressure  over  the  upper  surface  decreases . thus  increasing  the  lift. 
Thus, camber  increases  the  lifting  c ^ability  of  a  vdngc 

Aerodynamic  lift  can  be  easily  demonstrated  by  blowing  over  a  curved 
piece  of  notebook  paper.  As  you  blow  over  the  paper  it  will  tend  to  rise 
and  roll  toward  you  rather  than  away  as  you  might  expect.  Try  iti 

2, 3. 2.2  DIMENSIONAL  ANALYSIS 

Thus  far  we  have  seen  that  the  aerodynamic  force  varies  with  the  surface 
area,  S,  and  the  dynamic  pressure,  q,  which  in  turn  is  a  function  of  the 


density,?,  arid  the  true  speed,  V  In  our  simple  analogy  we  ignored  the 

X 

effects  of  vicosity  and  comnressiblilityv  The  viscosity  tends  to  slow  the  flow 
next  to  the  surface  causing  skin  friction  drag  vihile  conpressiblity  gives  rise 
to  wave  drag  and  other  effects  associated  with  transonic  and  supersonic  flight. 
The  latter  is  associated  vdththe  speed  of  sound,  a.  Thus, we  can  then  widte 
a  functional  relationship  for  the  resultant  aerodynamic  force,  F. 

F  =  f  (P,  Vt,  a) 

(  imi )  =  the  coefficient  of  viscosity 
Utilizing  this  functional  relationship  and  the  technique  of  dimensional 
analysis  (Ref  Sec  1.2)  an  equation  can  be  obtained  for  the  resultant 
acrodjmamic  force  v/hich  in  turn  can  be  resolved  into  aerodynamic  lift  and 
drag.  Expressing  the  above  functional  relationship  in  exponential  form  gives 


wnich  F,  L,  t  units  is 


setting  up  the  simultaneous  equations 
F;  1  *  a  +d 

L:  0  =  -  Ua  +  b  *  2o  -  2d  -i-  o 

t:  0  =  2a  -  b  +d-e 
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solving  in  tenris  of  d  and  e  gives 

a  =  1  -  d 

b  *  2  -  d  -  e 

c  -  1  -  d/2 

substituting  these  in+o  the  exponential  equation 


The  term  is  defined  as  the  Reynolds  number  and  V/a  is  the  Mach  number. 

The  term  V  is  twice  the  dynamic  pressure,  q,  so  multiplying  and  dividing  by 
2  gives 

e  -  2  (1  P  v2)  =  2  q 

VJith  the  above  definitions  the  aerodynamic  force  equation  may  be  wi'itten  as 


209 


Th«  variables  in  the  bracket  remain  relatively  ecnstant  at  low  speeds 


and  low  angles  of  attack  and  may  be  referred  to  as  the  aexx>dynamlc  force 
coefficient.  While  this  expression  is  correct  we  would  really  want  to  find 
the  lift  and  drag.  The  obvious  way  to  do  this  would  be  to  resolve  the  aero¬ 
dynamic  force  into  components  normal  to  and  parallel  to  the  relative  wind^ 
however,  the  angle  ^  is  not  usually  known. 


Figure  2.3.8 

Assuming  that  ^  is  known^then  the  lift  and  drag  coefficients  can  be 
expressed  as 


c 


r.  .  op  -^9—  X  — ^  sin  > 

Od  2C 

—  e 

and  the  equations  for  the  lift  and  drag  are 

L  ■  q  S 
D  -  Cjj  q  S 


lq[aatloii  2«3«3 
Equation  2.3«U 


In  order  to  avoid  the  problem  of  finding  A  and  resolving  the  resultanti 
force>  the  lift  and  drag  coefficients  are  directly  determined  by  experimental 
means  thxx>u^  the  above  equations.  Hence  ire  bypass  the  determination  of  the 
resultant  aerodynamic  force  and  seldom  refer  to  it. 

Since  at  low  speed  -  f  (R^,  oQ  the  data  is  normally  obtained  in  wind 
tunnels  by  holding  Reynolds  number  constant  and  varying  angle  of  attack.  The 
data  is  then  presented  in  the  following  form 


Figure  2.3.9a  Figure  2.3.9b  . 

Exauples  of  these  can  be  seen  in  any  NASA  airfoil  Report  or  in  most 
aerodynamics  book.  (See  Dommasch,  Sherby  and  Connolly  Airplane  Aerodynamics 
pages  U90-5q5) 
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2.3.3  AERODyN.\IIIC  LIFT 

While  we  have  seen  that  the  aerodynamic  coefficients  are  affected  by 
Reynolds'  number  and  Mach  number  we  shall  consider  their  effects  as  small  for 
the  following  discussion  except  in  the  region  of  high  lift,  Reynolds'  nomber 
and  Mach  number  effects  will  be  discussed  later  but  first  let  us  discuss  the 


variation  of  the  lift  coefficient  with  angle  of  attack  for  some  typical  air¬ 
foil  section  and  plaziforms, . 

2.3. 3,1  VEKSUS  Od  CURVES 

Some  typical  plots  of  versus  angle  of  attack  are  shown  In  Figure 
2,3.10  a  and  b. 


Because  of  its  symmetry^  a  syiimetrical  airfoil  at  a  zero  angle  of 
attack  produces  as  much  upward  forces  as  it  does  downward  so  that  the  ^ 

li 

curve  for  all  symnetrical  airfoils  produce  zero  lift  at  zero  angle  of  attack. 


A  cambered  airfoil,  however,  has  no  such  symmetry  at  zero  an^e  of  attack  and 
therefore  produces  lift.  Consequently  the  angle  of  attack  required  to  produce 
zero  lift  is  at  some  negative  angle  which  depends  on  the  shape  and  amount  of 
canber. 

An  inportant  characteristic  of  the  lift  curve  is  that  it  is  linear  through 

most  of  its  range  except  in  the  region  of  stall  at  maximum  lift  coefficient. 

Since  it  is  linear  the  slope  is  constant  and  is  equal  to  d^L  —  a.  In  the 

do^ 

region  of  constant  slope  the  lift  coefficient  is 

■  ao<  for  a  sj'metrical  airfoil 

or  in  general 

-  a  (od-  any  airfoil  Equation  2.3.5 

o 

For  example,  if  a  *  „12  •  -  2 

What  is  the  at  CC*  8^  ? 

0^  •  ,12  (8  -  (-2)  )  «  1.2 

Zero  Lift  Line  and  nrfective  Angle  of  Attack. 

Frequently  it  is  more  convenient  to  reference  angle  of  attack  to  some 
line  other  than  the  chord  line.  Such  a  reference  is  the  zero  lift  line  which 
is  frequently  used  for  stability  work.  Tlie  zero  lift  line  is  defined  as  a  line 
parallel  to  the  relative  wind  and  passing  thru  the  trailing  edge  when  the  air¬ 
foil  is  at  zero  lift. 
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Zero  Lift  Line  and  Relative  Vlind 


Wind 


Airfoil  at  Zero  Lift 


Airfoil  Developing  Lift 


Figure  2, 3* 10c 


The  effective  angle  of  attack,  is  defined  as  the  angle  of  attack 

of  the  zero  lift  line.  Thus,  at  zero  effective  an^e  of  attack  the  lift  is  zero 
so  that  the  coefllcient  of  li^t  is  given  by 


Equation  2*3*6 


for  both  symetrical  and  unsymetrical  airfoils 


2.3. 3. 2  PLANFORl-I  EFFECTS 


It  should  be  noted  that  all  aircraft  do  not  have  linear  lift  curve  slopes. 


That  is  ^  the  planform  has  a  great  effect  on  the  slope  of  the  curve.  For 
instance,  a  delta  v;ing  or  a  highly  swept  vjing  will  have  a  lift  curve  similar 
to  that  shown  in  Figure  2. 3 ill 


vs  OC 


Delta  or  Highly 
Swept  Wing 


Effect  of  wing  planform  on  a  given 
airfoil  section. 

Figure  2-3.11 


2. 3. 3. 3  -<ISPECT  RATIO  EFFECTS 


Aspect  ratio  also  effects  the  lift  cun^e.  Aspect  ratio  (iR )  is  defined 
as  the  span  divided  by  the  chore  of  a  straight  wing 

«  b 

®  *  c  Equation  2.3c 7 


1. 

1 

c 

b 
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Not  all  wings  are  straight  with  a  constant  chord, so  another  consistent 
definition  applicable  to  any  planform  is  required.  This  is  obtained  by  the 
following  procedure 

2 

B  * ^  =r  ^  Equation  2,3.8 

c  bo 

where  S  is  the  wing  area. 

With  this  definition  the  aspect  ratio  of  any  wing  can  be  determined  if  the 
wing  area  and  span  are  known.  For  example,  the  aspect  ratio  of  the  wing  shown  is 


A  wing  of  finite  span  does  not  develop  the  maximum  possible  lift  for  any 
given  angle  of  attack  due  to  tip  losses  caused  by  the  leakage  of  air  from  the 
bottom  of  the  wing  to  the  low  pressure  area  on  the  top.  The  shorter  the  span 
the  more  area  is  effected  by  these  losses.  Therefore,  a  low  aspect  ratio  wing 
would  have  to  be  at  a  higher  angle  of  attack  to  develop  the  same  lift  coefficient 
as  a  high  aspect  ratio  wing  of  the  same  wing  area.  The  effects  of  aspect  ratio 
on  the  Cj  ^  oC  curve  is  shown  in  Figure  2,3,12 


Figure  2.3.12 

2. 3. 3.1*  OTHER  FOR^B  OF  THE  LIFT  EJ^UATION 

From  dimensional  analysis  the  lift  equation  was  obtained  as 
L  =  q  S 

or  L  *  I  e  S  ^  nW 

where  n  is  the  load  factor  and  W  is  the  weight  of  the  aircraft. 

Several  other  equivalent  forms  of  this  equation  can  bo  obtained  and  may  be 
more  useful  depending  on  the  inform- tion  that  is  available. 

The  basic  difference  between  these  equations  is  the  definition  of  q  in 
terms  of  or  Hach  number, 

q  -  ?  ^ 

In  terms  of  V.. 


•  • 


Equation  2«3«9 


or 


Equation  2* 3, 10 


In  terms  of  Mach  number 


where  T= 


P 

c 


29.92  ’’Hg  =  li*.7  Ib/in^ 


Equation  2* 3*11 


C.  nW 

^  -  ii8reH2  s  "• 

2.3.U  REINOIDS  HUMBER  AND  MACH  NUMBER  EFFECTS 


Equation  2* 3*12 


,  In  section  2.3. 2, 2  it  was  seen  that  the  aerodynamic  coefficients  vary 
with  Rcj'.’.olv'o  number  and  Mach  number,  therefore,  a  brief  discussion  of  these 
effects  is  in  order,  V/liile  both  effects  may  occur  at  the  same  time  in  actual 
practice  we  shall  discuss  each  separately  for  the  sake  of  clarity, 

2.3.h.l  RijYl^OL'jJ  .:UI-IBER  EFFECTS 

Figure  2,3.9  shoxjs  that  the  effects  of  P.o\T*oldj  number  become  significant 
at  high  lift  coefficients  and  that  higher  maximum  lift  coefficients  can  be 
attained  by  increasing  the  keytio’  j  number.  In  section  1,3  it  was  seen  that 
the  Reynolds  number  determines  vjhether  a  flow  v/ill  be  laminar  or  turbulent 
and  that  the  pressure  gradient  is  the  prime  factor  responsible  for  separation. 


Further,  it  was  seen  that  turbulent  boundary  layers  resist  separation  better 
than  laminar  but  create  more  skin  friction.  Separation  on  the  other  hand  is 
equally  undesirable  because  it  increases  the  pressure  drag.  Therefore,  some 
compromise  must  be  reached  between  laminar  and  turbulent  boundaiy  layers  on 
an  aj.rfoil.  The  boundary  layer  on  a  tjpical  airfoil  is  laminar  over  the 
forward  portion  and  becomes  turbulent  and  eventually  separates  toward  the 
trailing  edge.  Let  us  consider  the  flow  over  an  airfoil  at  a  constant 
Reynolds  number  and  varying  angle  of  attack.  As  the  angle  of  attack  in¬ 
creases  the  local  velocity  and  hence  the  local  Reynolds  number  increases 
over  the  upper  surface.  The  increase  in  velocity  decreases  the  pressure 
on  the  upper  surface  causing  a  larger  adverse  pressure  gradient  on  the  aft 
portion.  The  increased  local  Reynolds  number  and  pressure  gradient  causes 
transition  and  separation  to  occur  farther  forward  on  the  wing.  This  forwa.i'd 
movement  proceeds  slowly  as  the  angle  of  attack  is  increased  through  moderate 
angles  (less  than  8  to  10  degrees),  but  increases  rapidly  at  higher  angles. 
Thus,  for  any  given  Reynolds  number,  drag  increases  slov;ly  at  low  angles  of 
attack  and  rapidly  at  the  higher  angles. 

Now  let  us  consider  vjhat  happens  to  the  lift  and  drag  at  moderate  to 
high  angles  of  attack  when  the  free  stream  Reynolds  number  is  increased.  An 
increase  in  the  free  stream  Reynolds  number  represents  an  increase  in  the 
energy  of  the  flow.  Because  of  this  additional  energy  the  boundary  layer  be¬ 
comes  turbulent  farther  fon-zard  on  the  surface  and  is  able  to  remain  attached 
longer,  separating  nearer  the  trailing  edge.  Because  there  is  less  separation 
the  airfoil  has  lower  drag  and  a  higher 


Since  Peynolcj  number  effects  are  most  apparent  at  high  lift  coefficients, 


we  wou].d  expect  it  to  have  a  great  effect  on  the  stalling  speed  of  an  aircraft. 
We  can  best  evaluate  the  effects  on  stalling  speed  if  Reynold's  number  and 
Cj^ax  defined  in  terms  of  equivalent  airspeed 

1 


The  coefficient  of  viscosity,^  ,  varies  little  vjith  pressure  and  temperature 
(negligable  vlthin  *  70°C), 

Considering  viscosity  as  constant  along  with  ^  and  1  we  see  that  for  the 


same  V.  Reynolds  number  decreases  with  altitude. 
The  lift  equation  in  terms  of  is 


Ct  .  nW 

i  S 

0 


or 


nW 


ax 


S 


Equation  2. 3* 13 


From  this  we  see  that  as  Reynolds  number  decreases^  causing  a  decreased 
the  stall  speed  increases*  Note:  Since  equivalent  airspeed  and  calibrated 
airspeed  are  approximately  the  same  this  trend  can  be  noted  in  flight  from 


cockpit  instruments  on  stalls  performed  at  low  and  high  altitude. 


2.3.U.2  W.CH  EFFECTS 

Ilach  effects  result  because  air  is  a  compressible  fluid.  While  the 
compressiblility  of  air  is  negligable  at  low  speed  it  becomes  very  important 
at  speeds  approaching  Mach  1.0- 


I 


As  the  velocity  of  the  air  increases  over  an  airfoil  at  low  speed  there 
is  virtually  no  change  in  the  density;  hov;evcr,  at  high  speed  the  sa'.ie  change 
in  velocity  causes  a  large  change  in  the  densityc  This  effect  can  be  seen 
from  the  following  equation 

If  .  .  m2  ^ 

e  V 

At  low  speed,  say  M  =  ,2,  a  10  percent  increase  in  velocity  over  the  vdng 
causes  a  ch  percent  decrease  in  the  density.  However,  at  high  speed  (M  -  o8) 
a  10  percent  increase  in  velocity  causes  a  bit  percent  decrease  in  the 
densityo  Thus,  the  compressibility  of  the  air  becomes  significant  ci  the  Ilach 
number  increases*  Since  Mach  number  is  the  controlling  factor  in  determining 
the  amount  of  co’-oressibility  that  occurs, the  terms  compressibility  effects  and 
Mach  effects  are  used  interchangably. 

The  effect  of  comorescibi lity  on  the  lift  :o9ffi.cient  may  be  seen  from  an 
equaticn  pronosed  by  Glaueiu  for  thin  airfoils. 


X  *•  «  1 


where  Ct  is  the 

i-'P 

incompressible 


Equation  2o3«lU 


In  the  linear  range  this  may  be  written 

S  -  lEShi- 

'/l  h2 

vjhere  is  the  slope  of  the  cun/e  for  xncompressiblc  flow 

(Fig.  2,3ilO)  ando^is  the  angle  of  attack  referred  bo  the  zero  lift  line  rather 
than  the  chord. 

Differeti tinting  this  equation  vrith  respect  to  gives 
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FroM  this  ve  see  that  the  slope  of  the  lift  curve  increases  with  increased 
Mach  nuiift>er«  From  the  previous  equation  it  is  seen  that  all  of  the  curves 
pass  through  the  angle  attack  for  zero  lift  as  shown  in  Figure  2.3.13. 


C. 


'  This  figure  shews  that  the  lift  coefficient  increases  for  a  given  angle 
of  attack  as  the  Mach  nunber  is  increased.  This  effect  does  not  continue 
Indefinitely  because  the  equation  on  which  it  was  based  is  not  good  above*  the 
critical  Mach  number  *  where  shock  waves  begin  to  foxn  on  the  surface^  In 
fact,  In  the  aupersonic  range  the  trend  is  rerersed. 

«  Critical  Mach  number  is  the  aircraft  speed  at  which  the  local  flow  over  the 
surface  just  becomes  sonic* 

□ 
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The  drag  coefficient  is  likevdse  increased  in  high  speed  flight J 
however,  its  effects  are  restricted  t  o  speeds  greater  than  critical  l«Iach 
nixnber,  ^  A  typical  plot  of  the  drag  coefficient  versus  Mach  number  at 
constwit  lift  coefficient  is  shown  in  Figure  2.3*lli. 


Figure  2*3«lU 

This  shows  no  increase  in  Oq  until  after  the  critical  Mach  number 
is  passed,  then  a  sudden  increase  in  drag  divergence  is  experienced.  This 
is  caused  by  the  formation  of  shocks  on  the  aircraft.  Detailed  discussion  of 
these  effects  will  be  delayed  until  Section  5. 

2.3,5  HIGH  LIFT  DEVICES 

Maneuvering  and  slow  speed  flight  and  landing  require  high  lift  coefficients. 
This  is  apparent  from  the  following  equation. 

C  .  nW 

^  Wt^TT 

If  the  load  factor,  n,  is  to  be  high  or  the  velocity.  V,  is  to  be 
low^a  large  lift  coefficient  is  required.  In  order  to  provide  lift  coefficient 
greater  than  the  maximuri  lift  coefficient  of  a  given  airfoil  it  is  necessary 
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to  resort  to  some  sort  of  special  hardware  known  as  high  lift  devices. 

Devices  of  this  type  are  slots,  slats,  flaps  (both  leading  and  trailing  edge) 
and  boundary  layer  control  (BLC),  Some  of  these  devices  are  characteristically 
low  speed  devices  such  as  flaps  while  others  are  suitable  for  both  high  and  low 
speed  applications  such  as  slots,  slats  and  BLC.  Numerous  variations  on  these 
devices  have  been  proposed  and  used  on  operational  aircraft.  It  is  beyond  the 
scope  of  this  writing  to  consider  in  detail  the  various  arrangements  which 
can  be  used.  We  will  merely  define  each  type  and  briefly  discuss  their  effects 
on  the  aircrafts 

Increasing  lift  of  an  airfoil  can  be  accomplished  by  any  one  or  combination 
of  three  methods.  The  first  is  to  increase  the  wing  area.  The  second  is  to 
increase  the  camber  of  the  wing.  The  third  is  to  delay  separation  through 
some  means  of  boundary  layer  control, 

A  slot  is  basically  a  boundary  layer  control  device  since  it  takes  high 
energy  air  from  the  lower  surface  of  the  wing  and  ducts  it  through  the  wing  into 
tne  low  energy  boundary  layer  of  the  upper  surface,  see  Figure  2.3,15a,  In 
doing  so  it  delays  separation  and  allows  higher  lift  coefficients  to  be 
developed,  A  slot  is  relatively  ineffective  at  low  angles  of  attack  but 
becomes  very  effective  at  high  angles  thus  improving  the  high  lift  character¬ 
istics  without  significantly  compromising  the  low  lift  characteristics, 

A  slat  operates  on  the  same  principle  as  a  slot  except  that  it  is  located 
near  the  leading  edge  and  represents  an  additional  airfoil  in  front  of  the 
basic  airfoil.  Its  function  is  to  direct  the  flow  over  the  leading  edge  of  the 
airfoil.  See  Figure  2.3cl5b,  A  slat  may  also  be  of  the  movable  type  which 


remains  retracted  at  hi^h  speed  and  extends  at  low  speeds  and  high  angles  of 
attack.  Figure  2.3.15c.  This  increases  the  wing  area  slightly  as  well  as 
increasing  the  flow  over  the  upper  surface  of  the  wing. 

Slats  and  slots  are  an  aerod3maiiiic  means  of  effecting  the  boundary  layer 
control.  Boundary  layer  control  may  also  be  accomplished  by  artificial  means 
such  as  blowing  air  provided  by  a  compressor  over  the  wing  or  sucking  the  low 
energy  boundary  layer  through  the  surface  of  the  wing.  Figure  2.3.l5d,  e. 

Flaps  provide  increased  lift  by  increasing  the  camber  of  the  wing. 

Several  arrangements  are  commonly  used.  The  simple  flap  is  a  simple  hinged 
leading  or  trailing  edge  (Figure  2.3.l5f)e  i  split  flap  is  so  named  because 
the  trailing  edge  is  split  with  only  the  lower  half  being  hinged.  Figure 
2.3.l5c*  This  causes  high  drag  when  lowered.  A  Fowler  flap  increases  the 
lift  hy  increasing  the  wing  area  as  well  as  by  increasing  the  camber.  In  the 
retracted  position  it  looks  just  like  the  split  flap;  however,  w.ien  it  is 
extended  it  lowers  and  translates  aft,  thus  increasing  the  wing  area  and  camber. 
Figure  2.3.l5h.  Because  of  the  unique  movement  of  this  type  of  flap  the 
mechanism  is  quite  heavy  and  complicated,  and  therefore  may  not  be  practical 
for  all  Applications. 

A  Fowler  flap  is  capable  of  producing  a  100$  or  more  increase  in  maximuffl 
lift  coefficient.  A  split  flap  may  produce  up  to  80  or  90$  increase  while 
slots  aid  slats  produce  up  to  60$  increase. 

Slots,  slats  and  flaps  effect  the  aerodynamic  characteristics  of  an  air¬ 
foil  similiar  to  that  shown  in  Figure  2.3.16. 


Figure  2.3^16 

Basically  slots,  slats  and  BLC  do  not  effect  the  C  -  oCrelationship 
significantly  at  low  angles  of  attack,  they  only  serve  to  extend  the  curve 
to  higher  lift  coeificients*  Flaps  on  the  other  hand  increase  the  camber  of 
the  airfoiL,thus  changing  the  angle  of  zero  lift  and  pitching  moment  of  the 
aircraft.  The  primary  effect  of  flaps  is  to  shift  the  C  curve  parallel 

and  to  the  left  in  proportion  to  tl^e  caniber  vjith  a  sizable  increase  in  maximum 
lift  coefficient. 
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p  2.3.6  ASRODm\:n:c  drag 

The  drag  of  an  aircraft  is  the  total  resistance  to  its  passage  through 

the  air  and  acts  ocnositc  to  the  direction  of  flight.  In  section  2,3.2  the  " 

I 

.  equation  for  drag  was  given  as 

i 

D  «  Cp  q  S  =  S  Equation  2. 3*15 

As  done  in  section  2,3.3.U  for  can  be  expressed  in  terns  of  and  M 

^  ■  ~  o —  Equation  2.3.16 

iPo  V  S 

or  p 

^  “  ursi  ■  M  ^  s  •  i 

2. 3. 6.1  TYPES  OF  DRAG 

The  total  drag  of  an  aircraft  is  made  up  of  many  component  drags;  that  is, 
it  is  the  sun  of  the  drags  caused  by  the  wing  fuselage,  enpanage,  interference, 
cowl  flaps,  etc,  Drag  nay  be  broken  down  in  many  ways,  A  designer  for  instance 
is  interested  in  the  drag  of  the  individual  components  of  the  aircraft  while  a 
flight  test  engineer  is  interested  in  the  total  drag  and  its  major  components. 
The  basic  t^^^es  of  drag  are  pressure  drag,  skin  friction  drag,  induced  drag 
and  compressibility  drag. 

Pressure  Drag  arises  because  of  the  pressure  distribution  over  a  body.  High 
pressures  on  t  he  fon^ard  portion  and  lov;  pressure  on  the  aft  section  of  a  body 
cause  drag. 

Skin  Friction  is  the  drag  caused  by  the  viscosity  of  the  air  flowing  over  the 
body  and  is  proportional  to  the  shear  stress  in  the  fluid,  (see  section  1,3 
and  2,ii.l) 
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Profile  Drag  is  the  pure  resistance  type  of  drag  which  does  not  contribute  to 
lift.  It  is  the  sum  of  the  pressure  drag  and  skin  friction  drag* 

Induced  Drag  is  the  drag  due  to  lift  and  is  caused  by  the  aft  con^onent  of  the 
resultant  aerodynamic  force* 

Compressibility  Drag  or  V/ave  Drag  is  the  drag  which  results  when  the  flovj  over 
the  surfaces  of  the  aircraft  exceeds  Mach  1.0*  Supersonic  flow  over  wing  and 
fuselage  surfaces  result  in  the  formation  of  shocks  which  cause  a  sizable  in¬ 
crease  in  drag. 

In  assessing  component  drags  the  designer  evaluates  each  of  the  above 
types  of  drag  for  each  conponent  and  sums  them  to  obtain  the  total  drag.  In 
doing  this  he  must  add  an  additional  conponent  called  interference  drag* 

Interference  Drag  results  because  the  normal  flovj  over  the  wing  or  other 
components  does  not  merge  smoothly  with  the  flow  over  the  fuselage.  As  a  result 
a  region  of  turbulence  and  otherwise  disturbed  flow  exists  which  causes 
additional  drag. 

As  a  result  of  the  component  system  of  analj’’sing  drag  many  types  of  drag 
have  been  defined  in  order  to  distinguish  between  the  various  drags  of  each 
component.  In  some  cases,  the  same  name  is  attached  to  the  drag  of  different 
components.  Therefore,  when  using  conponent  drag  data  one  must  be  certain  of 
the  definition  of  the  various  drag  terms. 

For  flignt  test  purposes  it  is  not  necessary  to  make  a  detailed  breakdown 
of  the  total  drag.  It  is  conventional  to  make  the  following  breakdown.  All 
drag  which  is  not  a  function  of  lift  is  called  parasite  drag  *  and  all  drag 
which  is  a  function  of  lift  is  called  induced  drag.  If  the  speed  is  greater 
than  the  critical  Mach  number  (i,e*,  where  sonic  flow  first  occurs  over  the  aircraft) 


an  additional  drag  is  added  to  account  for  the  losses  due  to  shock  v/aves  which 
are  caused  by  the  conprossibility  of  tho  -J-r.  The  tot?.l  drag  is  then  written  as: 


^total 


D  +  D.  +  D 
p  1  M 


where 

C 

is  the  parasite  drag  =  q  S 

is  the  induced  drag  *  ^  ^ 

C 

D.,  is  the  wave  drag  ■  q  S 
M  M 


Equation.  2 *3 *18 


since 

D  -  Gjj  q  S 

or 

C  •  C_  +  +  C  Equati.oa  2, 3, 19 

Dtot  °p  % 

2.3.6.2  DRAG  COEFFICIEKTS 
Induced  Drag 

Induced  drag  was  defined  in  the  previous  section  as  the  drag  due  to  lift. 
By  circulation  and  down  wash  theory  it  can  be  shovm  that  for  an  elliptical  lift 
distribution  the  induced  drag  coefficient  is  given  by 

CL  ^  (elliptical  lift  distribution) 

i  “  JTiR 

In  order  to  account  for  deviations  from  the  theoretical  elliptical  lift  distri¬ 
bution  the  efficiency  factor,  e,  is  included  in  the  denominator. 
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Cjj  (for  any  lift  distribution)  Equation  2.3.20 

i  ■  f/  IRe 

The  efficiency  factor  is  constant  at  subsonic  speeds  but  tends  to  decrease 
at  speeds  in  excess  oi  the  critical  Mach  nunboro  For  the  elliptical  lift 
distribution  the  efficiency  factor  is  l.O®  For  all  other  lift  distributions 
it  is  less  than  1.0, thus  giving  a  higher  induced  drag  for  non-elliptical 
lift  distributions.  It  is  apparent  then  that  the  rnininun  induced  drag  is 
obtained  from  an  elliptical  lift  distribution. 

V/hile  an  efficiency  factor  of  one  is  not  obtained  in  practice,  it  may  be 
approached  by  using  an  airfoil  whose  planform  is  an  ellipse  by  changing  the 
airfoil  section  along  the  span  or  by  warping  the  wing  to  different  angles  of 
attack  along  the  span.  Any  combination  of  the  above  may  be  used  but  it  should 
be  noted  that  if  the  warping  technique  is  used  an  elliptical  lift  distribution 
will  generally  occur  only  at  one  speed.  The  other  methods  approach  the  optimum 
throughout  the  subsonic  speed  range. 

With  the  new  expression  for  C^.  the  total  drag  coefficient  is 

C  ^ 

Cn  _  Cn  ^  L  for  subsonic  flight  Eauation  2.3.21 

C  ^ 

L  ^  for  transonic  and  Equation  2, 3c  22 

//iRe  M  supersonic  flight 

Another  form  of  the  indicod  drag  which  is  sometimes  used  is  given  bj'  the 
following: 

^i  *  ^  ^  *  Jt _  ^  ^ 

^  rrsie 


where 


qS 


Equatiw  2,3.23 


Note  that  L/b  is  the  span  wise  loading  and  that  it  is  not  necessary  to  know 
the  aspect  rat-io  or  the  induced  drag  coefficient. 

Parasite  Drag 

The  parasite  drag  of  an  aircraft  is  the  total  drag  other  than  that  caused 
by  lift  and  compressibility  effects.  It  represents  the  minimum  drag  tf  an 
aircraft,  and  is  a  constant.  The  minimum  drag  is  that  which  exists  at  zero 


light  by  flying  at  "zero  g 


lift  and  can  only  be  obtained  in 


The  relationship  between  lift  and  drag  is  normally  shovm  on  a  plot  of  C, 
.s  Cn  which  is  knovm  as  the  drag  polar,  Figure  2,3,16. 


^ctual 

Relation 


ParabolA 


Subsonic  Polar 
Figure  2. 3.16a 
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Cd 

Transonic  Polar 
Figure  2,3.i6b 


Since  in  the  subsonic  re^'ion 


P  TrlTe 


Equation  2.3.2h 


and  Cq  and  l/lf  IRe  are  constant^  the  c\ir:c  is  a  narabola.  This  theoretical 
P 

result  holds  in  practice  at  all  but  the  ex-f-^eme  ancles  of  attack  (high  C  ). 

Li 

The  ininirrrum  parasite  drag  coefficient  is  seen  at  Cj^  =  0  and  is  seen  to 
vary  with  as  sno;;n, 

V/hen  the  flight  speed  is  greater  than  the  critical  Mach  number  an  additional 
increment  is  added  as  discussed  previously.  The  basic  low  speed  polar  is  un¬ 
changed  but  the  curves  shift  to  the  right  as  shcKvi  in  Figure  2.3.l6bc  The  slopes 
of  the  higher  Mach  number  curve  will  change  depending  on  the  variation  of  Cj 


with 


Since  the  relationship  between  and  Cjj  closely  approximates  a  parabola^ 
2 

plotting  versus  is  a  straight  line  as  shown  in  Figure  2, 3*  17 


Figure  2c3el7 


c_ 

ys^  L 


Figure  2.3.l8a 
Effects » of  Aspect 
Ratio  at  Constant  ^ 


Figure  2. 3* lob 

Effect  of  Airplane 
Efficiency  at  Constant  JR 


Not#  that  is  relatively  unaffected  for  changing  efficiency  factors  but 

is  affected  by  changes  in  aspect  ratio. 

The  lift-drag  ratio,  i,  is  of  importance  to  flight  testing  since  it  directly 
determines  the  glide  and  cruise  characteristics  and  also  effects  other  area# 
of  perfoimance.  TheHft-drag  ratio  can  be  determined  directly  from  the  drag 


polar  since 


Thus, the  slope  of  the  line  connecting  the  origin  with  any  point  on  the  polar 
1^^  ratio.  Figure  2. 3.16a.  The  maximum  L/D  is  the  point  of 

tangency  of  this  line  from  the  origin*  It  will  be  shown  later  that  the  best 


glide  angle  and  cruise  (for  reciprocating  aircraft)  is  obtained  at  L/D  max. 
Drag  as  Related  to  Performance 


Important  for  performance  analysis  is  the  variation  of  the  drag  coefficient 
vjith  speed.  The  induced  drag  coefficient  decreases  with  increased  speed  since 
the  lift  coefficient  required  for  level  flight  decreases.  This  is  seen  from 


the  following  equation 


2 

^  i  ?^t  ^  “  constant  for  level  flight 

Therefore,  as  V  increases  decreases  inversely  as  the  square  of  the  velocity 
io  that  given  hy 


im 


decreases  inversely  as  the  fourth  power  of  the  velocity.  The  induced  drag. 


however^  decreases  inversely  as  the  square  of  the  velocity.  Figure  2.3«19a  and  b. 

The  parasite  drag  coefficient  vas  seen  to  be  constant.  Thus,  the  parasite 
drag  increases  vath  the  square  of  the  velocity.  Figure  2.3,19a  and  b. 

The  total  drag  and  drag  coefficient  is  shown  in  Figure  2. 3 •19b  as  the  sum 
of  the  parasite  plus  induced  drag..  If  the  flight  speed  is  greater  than  the 
critical  Mach  number  of  the  aircraft, an  additional  increment  must  be  added  to 
include  the  wave  drag.  This  is  shoT-m  in  Figure  2,3.19c  and  d. 
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Drag  Coefficient  as  Related  to  Reference  Area 


Frequently  the  drag  coefficient  is  related  to  some  area  other  than  the  wing 
area*  For  instance  it  might  be  more  realistic  to  relate  drag  to  the  projected 
frontal  area  of  the  aircraft  rather  than  the  wing  area.  Regardless  of  which 
area  Is  chosen  the  total  drag  must  be  the  same;;  therefore,  the  drag  coefficients 
will  change  depending  on  the  reference  area  used  to  obtain  the  coefficients. 
Since  it  is  the  convention  to  reference  all  aerodynamic  coefficients  to  the 
wing  area  it  may  be  necessary  to  convert  data  based  on  some  other  reference 
to  drag  coefficients  based  on  wing  area.  This  transformation  is  shown  in  the 
follovjing  derivation 


q  A  =  constant 

^2 


where:  A  is  the  other  reference  area 

is  the  drag  coefficient  referenced  to  wing  area 

is  the  drag  coefficient  referenced  to  A 


cancelling  q  from  the  middle  tvro  terras  rives 


or 


CDi  s  =  Cu  a 


Cn  *  A 
^1  ^2  S 


Equation  2.3.25 
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2,3.7  AERODYNAI'JC  MOIEl^TS 

In  addition  to  lift  and  drag*  an  airfoil  is  acted  upon  by  an  aerodynamic 
pitching  moment  which  may  be  expressed  in  coefficient  form  similar  to  that  of 
the  lift  and  drag  equations.  Since  a  moment  is  defined  as  the  force  times  the 
perpendicular  distance  to  the  reference  point  (Figure  2.3.20),  it  is  necessary 
to  include  a  unit  of  length  in  the  coefficient  equation,  generally  the  chord 
length,  c . 

L  F 

j  f  Muj'FxlindM^'O 

M  =  q  c  S  Equation  2.3,26 

where  Cn  is  the  pitching  moment 
coefficient 


/ 

Figure  2,3* 20a 


L  F 


Figure  2,3.20b 


If  the  aerodynamic  force  acts  at 
any  point  other  than  the  center  of 
pressure  it  must  be  represented  by 
the  aerodynamic  force  plus  a  moment 
as  shown  in  Figure  2.3.20b, 
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The  pitching  moment  is  caused  by  an  asymetric  pressure  distribution  over  the 
surface  of  the  eirfoil  and  by  the  lift  Figure  2,3.21.  If  it  tends  to 

pitch  the  nose  up  it  is  positive  and  if  it  pitches  the  nose  down  it  is  negative. 

f 

/ 


M 

/jigle  of  Attack  for  Zero  Lift  Positive  Angle  of  Attack 

Figure  2.3.21a  Figure  2,3.21b 

Taldng  moments  about  the  leading  edge  it  is  seen  that  a  negative  moment 
is  created  even  v’hcn  no  ^ift  is  created. 

Since  the  moment  is  caused  by  the  pressure  distribution  over  the  airfoil^ 
let  us  re-cxemine  the  variables  which  effect  the  pressure  distribution.  In 
section  2.3.2  it  was  seen  that  angle  of  attack,  camber  and  thickness  all 
affect  the  pressure  distribution.  The  effects  of  thickness  can  be  eliminated 
immediately  since  increasing  the  thickness  increases  the  pressure  distribution 
on  the  upper  and  lower  surfaces  proportionately  so  that  there  is  no  net 
contribution  to  the  moment.  The  angle  of  attack  affects  the  pitching  moment 
directly.  As  the  angle  of  attack  increases  the  lift  increases  causing  the 
moment  to  increase  in  proportion  to  the  moment  arm.  For  thin  symmetric  ^r- 
foils  the  theoretical  location  of  the  center  of  pressure  is  at  the  ^  chord. 


2-69 


For  cambered  airfoils  the  c.p*  is  not  constant  but  moves  aft  at  the  lower 
angles  of  attack.  The  effects  of  camber  are  apparent  in  Figure  2* 3* 21a*  The 
airfoil  is  at  zero  lift,  that  is,  the  sum  of  the  pressure  forces  perpendicular 
to  the  relative  wind  are  zero;  however,  the  pressure  distribution  is  such  that 
the  sum  of  the  moments  is  not  zero.  This  resultant  moment  may  be  represented 
by  a  couple  which  means  that  the  moment  is  independent  of  the  point  about 
which  the  moments  are  summed.  From  this  it  is  seen  that  moment  coefficient 
due  to  camber  is  independent  of  the  reference  location  on  the  airfoil  as  well 
as  the  angle  of  attack.  A  symetrical  airfoil  has  no  camber  and,  therefore,  no 
pitching  moment  at  zero  lift.  Tne  only  moments  created  are  those  due  to  angle 
of  attack.  Since  the  above  effects  are  additive  the  total  moment  is  the  sum 
of  the  moments  due  to  camber  and  due  to  lift.  If  the  moments  are  summed  about 
a  point  on  the  chord  line  such  as  the  4  chord  for  a  sjTnetrical  airfoil  the  moment 
due  to  lift  is  zero  and  the  resulting  pitching  moment  is  only  due  to  camber  and 
is  constant.  This  then  corresponds  to  the  definition  of  the  aerodynamic  center 
given  in  section  2. Id. 

Some  useful  insight  into  the  properties  of  moments  as  applied  to  an  air¬ 
foil  is  obtained  from  an  expansion  of  the  basic  definition  of  the  moment  about 
some  arbitrary  point  on  an  airfoil,  n.  From  Figure  2,3,22 

H  »  L  c  (n  -  cp)  coso<  +  D  c  (n  -  cp)  sinoc 

t 

assuming  small  angles  of  attack  and  relatively  small  drag 

D  «  L 

cosoC  ^  1,0  sin  oc  ~  oC  ^  0 

the  above  equation  becomes 

=  L  (n  -  cp)c  where  n  and  cp  are  in  %  chord 
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Figure  2.3.22 

to  get  this  in  coefficient  form  we  divide  by  q  c  S  obtaining 


or 


cp  -  n  - 


lion  if,  n,  IS  taken  as  the  aerociynamic  center  n  and  ac  are  constant  then  the 

*ac 

equation  is 

^ac 


cp  -  Equation  2.3.27c 


From  this  it  is  seen  that  unless  is  zero  cp  becomes  infinite  at  zero 

3C 


lift.  Since  is  negative  for  positively  cambered  airfoils  cp  is  always 
positive  as  goes  to  zero.  The  cp  travel  trends  are  shovm  in  Figure  2.3.22 
for  vaiying  camber.  The  cp  going  to  infinity  at  zero  is  a  result  of  trying 

to  represent  a  couple  by  a  single 


—  .4  Airht/ 


Equation  2.3.27a 


Equation  2.3.27b 


force.  To  avoid  this  paradox  it 
is  better  to  admit  the  monent  due 
to  camber  as  a  constant  about  the 
ac  and  consider  all  lift  and  drag 
forces  to  act  at  the  ac. 


£/ffcct  of  Camber  and  Ct  on  cp  travel 
Fi"ure  2.3.22  ' 
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An  expression  for  the  moment  coefficient  about  any  point  is  obtained 


when  equations  2.3*27b  and  2.3.27c  are  equated 


or 

C  *  CL  +  (n  -  ac)  C  Equation  2«3.28 

®Yi  “  ac  L 

From  this  it  is  seen  that  the  total  moment  coefficient  is  the  sun  of  the 

constant  plus  the  moment  coefficient  caused  by  lift.  Also  note  that  at  aero 
*"ac 

lift  the  moment  coefficient  at  any  point  along  the  chord  equals  , 

SC 

Mean  Aerodynamic  Chord 

In  the  previous  discussion  no  have  talked  about  the  chord  as  though  it 
were  constant.  Most  wings,  however,  are  tapered,  swept,  elliptical  or  ure 
otherwise  irregular,  ’./hen  wings  of  this  sort  arc  to  be  dealt  with  it  is 
necessary  to  define  some  mean  chord  which  would  be  equivalent  to  a  straight 
untapered  wing.  This  chord  is  "mean  aerodynamic  chord"  and  is  defined  as 
the  theoretical  vang  which  has  force  vectors  equivalent  to  the  actual  wing 
throughout  the  speed  range.  The  means  of  finding  the  true  mean  aerodynamic 
chord  is  very  con^jlicated  and  involved;  however,  it  has  been  found  in 
practice  that  it  corresponds  very  closely  to  the  mean  geometric  chord.  For 
almost  all  calculations  use  of  the  mean  geometric  chord  is  sufficiently 
accurate  and  is  the  one  which  is  generally  used. 
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Effect  of  Camber a  Reflex  and  Flaps 


We  have  seen  earlier  that  camber  causes  an  increase  in  the  negative 
pitching  moment  and  that  increasing  the  canber  increases  the  pitching  moment 
coefficient  about  the  ac  or  any  point  on  the  vdng  other  than  the  cp.  From 
this  it  is  evident  that  lovjering  flaps  increases  the  camber  and  therefore  makes 
the  pitching  moment  coefficient  more  negative,  A  typical  example  of  the  effect 
of  lowering  flaps  is  shown  in  Figure  2,3*23. 


Effect  of  Flaps  on  Aeordynamc  Coefficients 
Figure  2.3.23 

Flaps  increase  the  maximum  lift  cocificicnL  but  in  doing  so  they 
negatively  increase  the  moment  coefficient.  Different  types  of  flaps  affect 
the  coefficient  to  varying  degrees.  A  table  showing  the  affects  of  different 
types  of  flaps  ai'e  shoMi  in  Figure  2.3.2[i. 
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Designation 


Deflection 


c  c  c 

^Lwax  @  Lmax  Mac 


Basic  Mrfoil  _ 

20%  SpUt  Flap _ 60° 

20%  Plain  Flap _ 60° 

20%  Slotted  Flan _ 5o° 

21%.  Fowlar  Flap _ 30° 


loSl*  15.5° 
2.53  12.0° 

2.38  12.5° 

2.76  13.5° 

2,90  10.5° 

Figure  2^3.2U 


The  re  flexed  vjing  shown  in  Figure  2  c  3, 25) 
tends  to  reduce  the  effects  of  camber  bv 
creating  a  doi;n  load  near  the  traiLing  edge 
of  the  idngo  In  fact,  if  enough  reflex  is 
incorporate u  in  a  wing  either  by  an  upward 
moving  control  surface  or  fixed  reflex  the 
negative  pitching  moment  due  to  camber  can  be 


completely  overpo..urcd*  All  taillesc^  air¬ 
craft  must  have  some  means  of  adjusting  the 
reflex  in  order  to  have  and  control* 

2.U  FUTJDEMEUTAL  DRAG  THEORY 


Reflex  Results  in  a  Down 
Load  on  the  Trailing  Edge 
Figure  2.3.25 
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SKIN  FRICTION  DRAG 
2.U.1.1  INTRODUCTION 

Although  skin  friction  drag  has  long  been  recognized  as  an  important 
factor  in  aircraft  design,  little  importance  v:as  attached  to  reducing  it 
until  the  development  of  high  subsonic  through  supersonic  aircraft.  With  the 
advent  of  high  speed  aircraft,  skin  friction  drag  became  of  major  in^ortance 
and  receiit  aircraft  design  reflects  this  increasing  importance.  Even  greater 
emphasis  in  this  area  of  aerodynamics  can  be  expected  with  the  development  of 
more  advanced  supersonic  aircraft  since  a  major  portion  of  their  total  drag 
will  be  skin  friction  drag. 

In  a  preceding  section  (1.3),  the  basic  causes,  effects,  influence  of 
Re,  and  some  mention  of  ways  to  decrease  skin  friction  drag,  were  discussed. 
Therefore,  t^is  section  v’ill  be  devoted  primarily  to  a  discussion  of  the  latest 
methods  used  to  reduce  skin  friction  drag  and  why  they  are  effective. 

2.)i,1.2  xREVIJi:.-; 

^efore  proceeding  vdth  this  discussion  a  quick  reviev/  of  basic  skin 
friction  drag  theory  is  probably  in  order. 

Skin  friction  drag  is  a  portion  of  profile  drag  with  the  other  portion 
being  pressure  drag.  Skin  friction  drag  is  caused  by  the  viscosity  of  the 
fluid  through  wliich  the  object  passes.  The  viscosity  of  the  fluid  manifests 
itself  as  a  shearing  stress  (T'-^vrt/unit  area)  which  in  turn  acts  as  a  force 
parallel  and  opposite  to  the  objects  direction. 

A  good  method  of  depicting  and  studying  skin  friction  drag  is  through 
the  study  of  boundary  layers ,  All  skin  friction  drag  originates  through 


boundary  layers.  If  there  is  no  boundary  layer,  such  as  during  separation, 
there  is  no  skin  friction  drag.  There  are  two  types  of  boundary  layers, 
laminar  and  turbulent.  Turbulent  boundary  layers  create  more  skin  friction 
drag  than  laminar  boundary  layers  due  to  a  greater  exchange  of  energy  between 
the  surface  and  boundary  layer. 

The  ratio  of  inertia  to  viscous  forces  q///  )  is  one  of  the  factors 

that  determines  what  type  boundary  layer  is  present.  The  flor^  vdll  generally 
remain  laminar  up  to  a  certain  R  at  which  time  the  flow  transitions  to  turbulent 
flow.  Some  of  the  factors  that  affect  the  transition  to  turbulent  flaw  are; 

1,  Free  stream  turbulence, 

2,  Surface  roughness. 

3,  Ilechanical  vibrations 

U,  Sound  waves. 

5.  Pressure  gradient  in  the  direction  of  flow. 

The  Rq  at  Tdiich  transition  occurs  is  called  the  critical  Reynolds  number, 

Simoly  stated  the,  there  ai*e  two  basic  methods  by  which  skin  friction 
drag  may  be  decreased.  First,  delay  the  transition  point  in  respect  to  distance 
from  the  leadini"  edge  by  designing  smooth  airfoil  with  a  more  lengthy  favorable 
pressure  gradient ,  Designing  an  airfoil  that  decreases  free  stream  turbulence, 
sound  waves  and  mechanical  vibrations,  is  beyond  the  scope  of  this  writing  and 
therefore  will  be  ignored  in  this  discussion.  Secondly  then,  design  an  airfoil 
that  has  a  small  thickness  to  chord  ratio.  This  reduces  the  local  velocity 
and  hence  local  R^  so  as  to  increase  the  distance  from  the  leading  edge  at  which 
the  critical  R^  is  reached* 
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2.U.1.3  lAMINARIZATION 

Laminanzing  an  airfoil  is  accomplished  by  several  design  methods*  The 
first  design  criterion  is  that  it  be  smooth.  No  explanation  of  how  this  is 
accomplished  is  believed  necessary.  Another  important  factor  in  laminarization 
is  where  to  locate  the  airfoil's  maximum  thickness  in  respect  to  distance 
from  the  leading  edge.  Experiments  have  shown  that  airfoils  with  a  marLmui 
thickness  at  approximately  30%  chord  (world  War  II  vintage)  will  approach 
a  fully  turbulent  boundary  layer  at  a  Re  of  10^  regardless  of  T/C  ratio* 

By  the  same  token  laminar  airfoils  with  a  maximum  thickness  at  UO^  to  bB% 
chord  will  transition  to  a  fully  turbulent  boundary  layer  only  after  reaching 
an  Re  of  at  least  10  .  The  reason  for  this  is  that  the  airfoil  with  the  max¬ 
imum  thickness  at  a  greater  distance  from  the  leading  edge  will  have  a  wi niinw 
pressure  point  further  from  the  leading  edge  and  hence  a  longer  negative 
pressure  gradient.  Figure  >rill  further  explain  this  phenomenum. 


Figure  2,U,1,1  Location  of  minimum  pressure  points  as  a 

function  of  points  of  maximum  thickness 


2^77 


However,  to  realize  the  optimum  advantage  from  this  particular  design 
technique,  two  other  design  compromises  must  be  taken  into  consideration. 

The  first  being  that  the  airfoil  can  not  be  too  thin,  with  a  corresponding 
small  T/C  ratio,  else  the  negative  pressure  gradient  developed  will  be  in¬ 
sufficient  to  help  delay  transition  or  provide  sufficient  lift. 

The  second  design  compromise  is  where  to  actually  locate  the  maxLmam  thick¬ 
ness  point  in  terms  of  distance  from  the  leading  edge.  This  is  an  important 
item  since  pressure  losses  resulting  from  separation  along  the  trailing  edge 
increase  as  the  maximum  thickness  point  is  moved  further  aft.  In  other  words 
a  point  of  maximum  thickness  must  be  selected  that  retains  the  benefits  of 
laminarization  in  terms  of  total  drag. 

The  next  item  to  be  considered  is  the  actual  thickness  of  the  airfoil. 

As  mentioned  previously  it  must  be  thick  enough  to  provide  a  useable  negative 
pressure  gradient.  But,  obviously  a  thick  airfoil  will  tend  to  increase  the 
local  velocity  to  a  greater  value  in  teiTiS  of  distance  from  the  leading  edge 
in  comparison  to  a  thin  airfoil.  Hence,  the  local  Rg  will  be  much  higher  at 
the  same  distance  from  the  leading  edge  for  the  thick  airfoil  as  opposed  to 
the  thin  airfoil.  Consequently  the  critical  will  be  reached  closer  to  the 
leading  edge  on  the  thick  airfoil. 

The  next  design  feature  necessary  for  a  useable  laminar  airfoil  is  a 
correct  leading  edge  design.  Experiments  have  shown  that  a  parabolic  shape 
is  the  most  suitable  in  comparison  to  sharp  or  circular  leading  edges.  The 
reasons  being  that  sharp  edges  force  transition  on  the  suction  side  immediately 
upon  leaving  zero  angle  of  attack  and  rounded  edges  exhibit  transition  on  both 
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sides  because  of  piinimum  pressure  points  immediately  aft  of  the  edge.  Figure 
may  better  explain  this  phenomena. 


Figure  2,u.l,2  Influence  of’  leading  edge  shane  upon  boundry 

layer  and  profile  drag  coefficient 

In  suTimary,  a  lardnar  airfoil  has  a  r.axinuri  thictoess  at  approximately 
hO-65/S  chord  in  order  to  maintain  a  favorable  pressure  gradient  over  a  longer 
distance  from  the  leading  edge  and  hence  delay  the  point  of  transition.  The 
maximum  thickness  point  cannot  be  too  far  aft  or  total  drag  due  to  separation 
will  negate  the  decrease  in  skin  friction  drag.  It  is  comparatively  thin  so 
the  local  velocity  and  thus  Hg  remain  lovj.  The  airfoil  cannot  be  too  thin, else 
a  useable  pressure  gradient  will  not  be  present.  And  finally  it  must  have  a 
parabolic  shaped  leading  edge  or  the  other  design  features  >ri.ll  not  be  realized 
since  sharp  or  rounded  leading  edges  cause  transition  shortly  aft  of  the 
leading  edge. 
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2.Ua.U  DRAG  BUCKET 


A  laminar  airfoi].  exhibits  a  decrease  in  skin  friction  drag  through  a 
ratner  restricted  range  of  lift  coefficients.  In  other  words  it  possesses 
little  or  no  advantage  over  ‘’normal’*  airfoils  in  regard  to  skin  friction  drag 
except  in  the  range  of  Cj^s  where  a  decrease  in  skin  friction  drag  is  considered 
most  important.  Usually  the  airfoil  is  designed  to  give  the  greatest  decrease 
in  skin  friction  drag  during  low  C^s  or  in  other  words,  high  speeds.  Figure 
2,1 .1.3  graphically  shows  a  typical  “drag  bucket*'  of  a  laminar  airfoil  in 
comparison  to  a  “normal"  airfoil.  By  employing  a  suitable  value  of  section 
camber  the  "bucket"  can  be  placed  around  the  lift  coefficient  desired  without 
losing  any  or  much  of  the  laminar  effect. 


Laminar, 

"Normal", 


X  10 


6 


X/C 

X/C 


50^ 


rir-re  2  I;.!,"  Profile  di*ag  coefficient  of  various  foil  sections 

showing  the  "bucket"  shaped  drag  minimum  which  is 
typical  of  laminar  type  airfoils. 


2.I1.1.S  BomiD.OT  iAr.v:  •: 

An  interestinr;  raothod  of  reducing  skin  friction  drag  that  has  not  as  yet 
been  developed  to  an  economically  feasible  state  is  a  method  known  as  boundar:^ 
layer  suction.  Through  small  slots  or  a  porus  surface,  a  portion  of  the  boundary 
layer  is  sucked  into  a  hollow  wing.  This  vdll  decr-ase  the  momentum  loss  in  the 
wake.  A  simple  method  of  depicting  this  particular  theciy  is  shown  in  Figure 


C.'i.lsU  Losr  of 


nor,ient\i]t]i  due  to  \i2ccGit3r  of  airfshaded  Are*). 


In  other  yor<ir.,  brun..'::'y  i/Avcr  su-jtion  Coer :c\.s'.s  the  chaded  area  in 

Pif^re  2.h.l.h,  by  actually  elininatinrj  a  portion  of  the  mo.rncr.tum  losses  due 
to  viscosity. 

The  important  limitation  to  v.-hat  ot.:ory.d.se  appeal'^  to  be  ai  aerodynamic 
’•breakbhrouch"  is  the  requirement  for  a  ratfier  compUcated  suction  device 
that  also  requires  power  to  operate.  This  po-.;er  requirement  can  be  considered 
as  an  increase  in  drac.  Presently  the  drag  increase,  due  to  the  additional  power 
required  for  suction, is  greater  than  the  benefit  gained.  However,  research  in 

this  area  is  continuing  and  a  fenslble  system  vdll  undoubtedly  be  perfected  in 
the  future. 
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2.U.2  PRESSURE  DRAG 
2,U.2.1  INTRODUCTION 

We  have  previously  discussed  the  portion  of  profile  drag  caused  by  a 
distribution  of  forces  tangential  to  the  body  surface.  This  drag  was  called 
skin  friction  drag.  In  this  section  another  portion  of  profila  drag  called 
pressure  drag  will  be  discussed.  In  contradistiction^  pressure  drag  is 
generally  considered  as  the  dras  resulting  from  a  distribution  of  forces 
normal  to  the  body  surface.  Drag  caused  by  separation  is  an  excellent 
example  of  pressure  drag.  The  magnitude  of  pressure  drag,  depending  on  flow 
conditions  etc.,  is  usually  many  times  that  of  skin  friction  drag. 

2.U.2.2  FLAT  PLATE  DRAG 

A  flat  plate  placed  parallel  to  the  flow  direction  was  used  to  illuatrate 
skin  friction  drag  phenomena.  Bty  placing  the  plate  90  degrees  to  the  flow 
direction,  skin  friction  drag  becomes  negligable  in  comparison  to  the  drag 
caused  by  the  resulting  pressure  differential  between  the  front, and  rear  sldaa 
the 

By  referring  to  Figure  2.U.2.1  it  can  be  seen  that  a  stagnation  point 
exists  on  the  forv:ard  center  portion  of  the  plate.  Furthermore,  flow  on 
either  side  of  the  stagnation  point  is  almost  parallel  to  the  front  side  of 
the  plate.  From  this  it  can  be  reasoned  that  the  pressuie  over  the  front  of 
the  plate,  other  than  the  very  center,  will  be  less  than  stagnation  point 
pressure.  This  pressure  distribution  on  the  front  side  of  the  plate  in 
combination  with  lower  pressures  on  the  rear,  caused  by  separation,  results 
in  a  net  retarding  force  or  drag.  This  is  a  rather  extreme  exanple  of  pressure 
drag. 


Figure  2.ii.2.1 

V7ind  tunnel  experiments  have  shoim  that  a  drag  coefficient  of  approrLraately 
1.28  is  a  -ood  average  figure  for  a  flat  plate  in  the  flight  range  of  the 
Reynolds  number.  The  total  drag  is  computed  by  the  equation: 

D  =  1,2G  q  Sp  EquaUon  2.1».2.1 

where  Sp  *=  plate  area 

For  comparison  purposes,  the  parasite  drag  of  an  airplane  is  sonetines 
expressed  in  terms  of  an  equivalent  flat  plate  area.  That  is,  the  area  of  a  flat 
plate  which  yields  the  same  drag  as  the  aircraft.  The  equivalent  flat  plate  area 

is  then  found  by  using  equation  2.1i.2ol  and  defining  Aa  as  equivalent  flat  plate 
area.  Then, 

D  -  Cj)  q  S  -  1.28  q  Sp 

or  Sp  „  .3,  ^  ^  Equation  2.U,2.2 

X.2o  e 

This  comparison  is  obtained  merely  by  substituting  the  Cj)  and  S  of  each  particular 
aircraft  in^o  equation  2.14.2.2.  Thus  it  is  seen  that  the  equivalent  flat  plate 

area,  A^,  is  a  direct  parasite  drag  comparison  between  two  different  types  of 
aircraft. 

Obviously  if  the  flat  plate  drag  coefficient  had  been  1,0  instead  of  1,28 
the  expression  for  the  equivalent  flat  plate  area,  equation  l.li.2.2  ,  would  have 
been  simplified  considerably.  It  is  convenient  to  define  a  fictitious  equivalent 
area  called  the  equivalent  oarasite  area,  f,  which  assumes  that  the  flat  plate 
drag  coefficient  is  1.0.  That  is. 


or  simply  f  =  Cq  S  Equation  l,U.2.2a 
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Like  equivalent  flat  plate  area^  equivalent  parasite  area  allows  easy  coii9)ari8on 
of  the  parasite  drags  of  various  components  of  the  aircraft  or  a  con^arison  between 
different  aircraft.  All  of  these  quantities  are  related  as  follows: 

D  =  Cq  S  q  =  1,28  q  =  1.0  f  q 
or 

Cjj  S  *  1,28  =  f  Equation  2.U.2.3 

A  drag  comparison  for  bodies  of  unit  cross  section  may  be  made  by  comparing  either 
the  equivalent  parasite  area  or  the  equivalent  flat  plate  areas  as  in  Figure  2.U.2,2 
below. 

OBJECT  <b/i.28  £ 


.80  -  .9U  1.02  -  1.20 


0.23  0.295 


FIGin^  2m} *2, 2  Relative  Drag  of  Vai'ious  Objects 


From  Figure  2,h.2,2  it  can  easily  be  seen  that  a  streamlined  shape 
haring  a  3/l  finess  ratio  gives  the  best  value  of  Cj)/l,28,  Therefore, 

0d/1,28  «  ,035  or  3,S%  of  the  drag  coefficient  of  an  equivalent  flat  plate. 
2.U.2,3  REYNOLDS  NUMBER  EFFECT  ON  PRESSURE  DRAG 

Experiments  using  a  sphere  as  the  test  object  have  shown  a  definite 
relationship  between  drag  coefficients  and  the  particular  Reynolds  number 
used  during  the  experiment. 

Consider  the  flow  about  a  sphere.  At  the  stagnation  point  the  pressure 
is  higher  than  ambient  *  At  approximately  U2^  the  pressure  is  equal  to  ambient 
and  at  90°  the  pressure  is  at  its  lowest  <  This  effect  is  in  accord  with 
Bemoullis  equation  with  the  decrease  in  pressure  and  increase  in  velocity 
due  to  a  favorable  pressure  gradient.  Figure  2.1-. 2, 3. 

If  the  flow  did  not  separate, the  pressure  on  both  the  front  and  rear 
sides  of  the  sphere  would  be  equal  and  there  would  be  no  pressure  drag. 
However,  due  to  an  adverse  pressure  gradient  after  the  90°  point  the  flow  will 
separate.  Where  the  flow  separates  between  90°  and  180^  depends  on  whether 
the  boundary  layer  is  laminar  or  turbulent.  Obviously  an  early  separation  will 
create  a  large  wake  and  corresponding  large  pressure  drag  and  conversely^ 
Figure  2.Uo2.1i,  As  previously  discussed^a  laminar  boundary  layer  tends  to 
separate  early  in  coiqparison  tc  a  turbulent  bour.dary  layer.  Thus  , the  drag 
of  a  sphere  will  change  markedly  as  the  is  increased  and  the  boundary  layer 
transitions  to  a  turbulent  boundary  layer  sooner  or  closer  to  the  stagnation 
point.  This  effect  is  shown  in  Figure  2.lj,2.5. 


Figure  2.U«2.3  Pressure  Distribution  About  a  Sphere 


Figure  2.U.2,U  Flow  Past  a  Sphere  With  a  Laminar 

Boundaiy  Layer  (Low  Rg) 


Figure  2.i*.2.5  Flow  Past  a  Sphere  With  a 'Turbulent 

Boundary  Layer  (High  R^) 
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2.U.2.U  BOUNDARY  LAYER  COTTROL  AND  PRESSURE  DRAG 

From  the  discussion  up  to  this  point  it  is  obvious  that  a  turbulent 
boundary  laj’-er  is  more  desii’able  than  a  laminar  boundary  layer  from  a  stand¬ 
point  of  pressure  drag*  This  is  the  exact  opposite  of  the  case  as  previously 
discussed  in  skin  friction  drag* 

Figure  2*U*2«7  shows  the  effect  of  an  adverse  pressure  gradient  on  flow 
over  an  airfoil* 


Figure  2*U*2*7  Effect  of  Adverse  Press\ire  Gradient  on 

B.L.  Velocity  Profile  Including  Separation 

By  using  some  artificial  means  of  overcoming  this  effect^ and  the  aby  delaying 

separation^  pres  sure  drag  can  be  decreased*  This  can  be  achieved  in  a  number 

of  ways* 
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Sucking  air  from  the  upper  trailing  edge  of  the  airfoil  draws  off  the 
low  velocity  boundaz*y  layer  which  intuxn  delays  separation  and  reduces  pressure 
drag.  Blowing  high  energy  air  into  the  boundary  layer  at  the  upper  trailing  edge 
of  the  airfoil  likewise  delays  separation  and  reduces  pressure  drag. 

Blowing  high  energy  air  over  the  leading  edge  will  tend  to  transition  the 
boundary  layer  to  a  turbulent  one  sooner  and  wi^  also  help  to  overcoae  the 
adverse  pressure  gradient.  Both  effects  will  tend  to  delay  separation  and 
decrease  pressure  drag. 

By  strategic  placing  of  vortex  generators,  laminar  boondaxy  layers  can  be 
transitioned  to  turtulent  boundaiy  layers  with  a  corresponding  delay  in  separa¬ 
tion  and  decrease  in  pressure  drag.  In  addition,  the  vortex  generators  take 
high  energy  air  above  the  boundary  layer  and  nix  it  with  lower  energy  air  at 
the  surface.  Another  vortex  generator  use  is  to  increase  aircraft  control 
effectiveness  ly  delaying  separation  near  control  surfaces.  They  are  alto 

f 

used  to  prevent  or  minimize  aircraft  buffet  in  certain  regimes  of  flight. 

All  of  the  above  uses  tend  to  delay  separation  and  reduce  pressure  drag  in 
some  regimes  of  flight.  In  other  regimes  of  flight  when  separation  is  not 
normally  a  problem,  vortex  generators  may  increase  pressure  drag  due  to  a 
small  increase  in  flat  plate  area. 

In  summaiyj  all  of  the  above  methods  of  bounrlavy  l^yer  control  are 
concerned  with  delaying  separation.  However,  the  primary  purpose  of  boundaxy 
layer  control  as  used  in  present  day  aircraft  is  to  decrease  staiU  speeds  by 
delaying  separation;  not  merely  to  decrease  pressure  drag.  The  reason  being 
that  the  energy  required  to  affect  a  decrease  in  pressure  drag  through  boondaxy 
layer  control  is  more  than  the  benefit  gained  or  energy  gained  due  to  a  de¬ 
crease  in  pressure  drag.  However,  research  in  this  area  is  being  made 
continually  and  possibly  a  method  that  is  economically  feasable  will  be 
developed  in  the  near  future. 
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2.U.3.  INDUCED  DRAG 
2.U.3.1  INTRODUCTia^ 

The  purpose  of  this  section  is  to  derive  the  equation  for  induced  drag  and 
to  give  an  understanding  of  the  factors  affecting  induced  drag  and  the  existence 
of  upwash  and  downwash  about  a  wing«  This  discussion  will  assume  that  the  air 
is  an  ideal  fluids  i*e«>  a  fluid  which  has  zero  viscosity#  Any  body  moving  thru 
an  ideal  fluid  would  encounter  no  skin  friction  drag#  Since  there  is  no 
energy  lost,  as  in  the  boundary  layer  of  viscous  f lox-;,  there  would  be  no 

separation  of  the  flow  from  the  surface  of  the  body  and,  as  a  result,  no  pressure 
drag. 

Another  assur^jtion  made  in  this  discussion  is  that  the  air  acts  as  an 
incompressible  fluid,  i.e#,  the  density  of  the  air  does  not  change  as  a  body 
moves  thru  the  air.  This  assumption  prevents  the  formation  of  shock  waves 
and  any  other  effects  of  compressibility  found  under  real  conditions. 

With  these  two  assumptions  a  body  moving  thru  the  air  would  not  have  any 
parasite  drag  or  drag  due  to  compressibility.  The  only  drag  encountered 
would  be  induced  drag  and  this  drag  is  present  only  if  lift  is  being  produced 
by  the  body, 

2.U#3.2  DETERimiATION  OF  STREAfUJNE  PATTERNS  BY  COMBINATION  OF  FLOWS; 

V/e  v/ill  consider  various  types  of  flows  kno\m  as  potential  flows.  In 
potential  flow  all  streamlines  have  tne  same  energy.  The  easiest  potential 
flow  to  visualize  is  uniform  linear  flow  where  all  the  streamlines  are 
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parallel  and  straight  horizontal  lines  as  shovm  on  Figure  .2.U*3*1*  This  is  the 
type  of  flow  approaching  an  airplane  at  a  considerable  distance  ahead  of  the 
airplane. 

Uniform  Linear  Flow 
V 

- - - - 

- > - — - — - - - 

- ^ - - - 

- - - - - 

- - - 

- - > - - 

- > - — - - - - 

- > - - - 

- > - - - - - 

- > - - 

Figure  2^h>2»l 

Two  other  types  of  potential  flows  to  be  considered  now  are  called  source 
and  sink.  In  a  source  the  fluid  flows  radially  away  from  a  singular  point  in 
all  directions,  ref.  Fig*  2*h*3«2.  The  velocity  of  the  flow  varies  inversely 
with  the  distance  from  the  source  point*  The  equation  defining  the  source  is: 

V  «  I  Equation  2,U.3.1 

Where:  V  =  velocity  of  source  flov. 

R  *  distance  from  source  point 

K  =  constant  (sources  of  different  strengths  would  have 
different  values  of  the  constant). 


Source  Flow 
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As  the  radius  approaches  infinity  the  velocity  approaches  zero^  and 
as  the  radius  approaches  zero  the  velocity  becomes  infinite.  This  cannot 
happen  under  actual  conditions  but  approximations  to  source  flow  are  possible c 
Consider  flow  of  water  or  other  non-viscous  liquid  from  an  outlet  descending 
•vertically  to  a  flat  horizontal  plate.  The  flow  across  the  surface  of  the 
plate  would  be  similar  to  souce  flow  as  the  velocity  of  flow  must  decrease 
as  the  distance  from  the  center  of  the  plate  increases. 

Sink  flow  is  similar  to  the  source  flow  except  that  the  flow  approaches 

the  center,  called  the  sink  noint,  ref.  Fig,  The  equation  for  sink 

flow  is: 


V  ■  -  I  Equation  2.U.3.2 

Where:  V  =  velocity  of  sink  flow, 

R  distance  from  sink  point 

K  «  constant  (depending  on  strength  of  sink  flow). 


Sink  Flow 


Figure  2.h,3.3 
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As  in  source  flow,  the  velocity  thus!  ce  infinite  at  zero  radius  and 
zero  at  an  infinite  radius.  An  example  of  sink  flow  is  water  along  a  flat 

horizontal  plate  into  a  hole  in  the  cc'tov  of  tiie  p-auo. 

It  is  possible  to  combine  source,  sink  aid  unifonn  linear  flows  to 

determine  a  streamline  pattern  of  the  combined  flowo  The  velocity,  (both 
direction  and  magnitude)  of  the  fl.ow  can  be  found  at  any  point  by  adding  the 
velocity  vectors  cf  the  source,  sink  and  unifonn  linear  ij.ow  at  the  point  in 
question,  ref.  Fig.  2.)!.  3.4.  If  this  pr^redure  were  done  at  all  points  in 
the  flow,  streamlines  could  be.  constructeci  seen  that  each  streamline  would  be 
tsr.gent  to  all  tne  veicciLy  vectors  that  it  to  :cred. 

Addition  of  Velocity  Vectors 


Combination  cf  Source  Fj.ovr  and  Uniform 


Linear  Flcn-.' 


Fig.  2.h.3.5  shows  the  strearraine  pattern  resulting  from  a  combination 
of  source  flow  and  uniform  linear  flow.  Note  that  at  some  distance  ahead  of 
the  source  point  the  velocity  of  the  source  and  uniform  linear  flow  a:re  the 
same  magnitude  but  in  opposite  directions  so  that  the  resulting  velocity  is 
zero.  This  point  is  called  the  stagnation  point.  From  this  stagnation 
point  a  streamline  exists  showing  the  direction  of  flow  to  the  right  both 
above  and  below  the  source  point.  This  streamline  may  be  replaced  (as  may 
any  streamline)  by  a  surface  vdthout  changing  the  position  of  the  other 
streamlines,  her.ember  that  this  is  still  considering  a  non-viscous  fluid. 


If  we  place  a  body  in. thin  the  streamlines 
points,  as  indicated  by  the  dotted  li'ies, 


connecting  the  fore  and  aft  stagnation 
the  external  streamlines  will  not  be 


changed,  reference  Figure  2.U.3.6. 


Source,  Sink  and  Uniform  Linear  Flow 


Figurt  2.U.3.6  shows  the  flow  pattern  determined  by  the  coid)lnatlon  of 
uniform  linear  flow^  source  flow  aid  sink  flow  where  the  source  and  sink  flow 
are  of  equal  strength  and  the  centers  of  the  source  and  sink  flow  are  some 
finite  distance  apart*  Note  that  there  is  a  stagnation  point  behind  the  sink 
point  as  well  as  ahead  of  the  source  point*  If  the  streamline  connecting  the 
two  stagnation  points  were  replaced  by  a  solid  body  of  the  sane  shape^  the 
remaining  streamlines  would  be  identical  to  the  streamlines  around  a  body 
of  this  shape*  Note  that  the  flow  pattern  around  the  rear  half  of  the  body 
is  a  mirror  image  of  the  flow  pattern  around  the  front  half.  Therefore,  the 
pressure  on  the  surface  over  corresponding  locations  on  the  front  and  rear 
portions  of  the  body  would  be  identical,  so  there  would  be  no  pressure  drag. 
Similarly,  the  flow  patterns  around  the  upper  and  lower  surfaces  are  identical, 
so  there  is  no  lift  force.  It  should  now  be  obvious  that  no  drag  would  result 
from  flow  of  an  ideal  fluid  around  any  shape  body  providing  the  body  is  positioned 
such  that  it  produces  no  lift  force* 

If  the  relative  strengths  of  the  source  and  sink  in  Figure  2.U.3.6  are  the 
same  and  if  their  centers  approach  each  other  the  corresponding  flow  field 
approaches  a  circle.  That  is,  when  the  centers  coincide,  the  streamlines 
connecting  the  two  stagnation  points  miy  be  replaced  with  a  disk.  This 
combination  of  soiirce  and  sink  of  equal  strengths  with  centers  at  the  same  point 
formed  in  this  way  is  called  a  doublet.  Figure  2.^.3* 7  shows  the  flow  pattern  of 
a  doublet  and  uniform  linear  flow  combination.  This  represents  the  flow  of  an 
ideal  fluid  about  a  cylinder* 
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Fi£i‘ure  2.U.  3.7 


2.li.3.3  CIRCULATION: 


Circulation  is  another  t.'^'pe  of  potential  flow  which  may  be  added  vec  •• 
tcrially  to  the  flows  previously  dLscusscU,  In  circulation  the  streamlines 
are  concentric  circles  about  the  center  of  circulation.  The  velocities  of  the 


fluid  particles  decrease  as  the  radius  increases  as  shown  in  Fig#  2vh.3.8. 


The  equation  for  the  velocity  is: 


VJhere : 


Where: 


V  ■  tangential  velocity 
R  ■  distance  to  center  of  circulation 


K  -  constant  (depends  on  strength  of  circulation, P  ) 
n  (Gamna)  *  2  "IT  K 


r’  -  aTTv  R 


Equation  2.1i.3.3 
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Velocity  Distribution  for  Circulation  Flow 


Figure  2.ho3o8 

Any  potential  flow  in  a  cur-’-ed  path  is  circulation  flow*  Consider  an 


Since  the  flow  is  potential  flow  all  the  streamlines  have  the  same  energy; 
therefore,  Bemoullis  equation  for  incompressible  fluid  applies  through-out 
the  flow  field. 

P  ^  *  constant 


Differentiate 

dP  +  P  V  dV  =  0 
dP  *  -  PV  dV 
Combine  equations: 

-  -pVdV 
dR  ,  dV 

“R  *  T 


Euler's  equation 


R 


Integrate 


0 


In  R  ♦  In  V  «  constant  * 


In  R7  =  constant  * 

^  *  constant  *  K 


Any  flow  in  a  curved  path  which  follows  this  equation  is  called 
irrotational  flow  or  circulation  flow, 

ihe  stronfth  of  the  circulation  is  called  Gamr.a,  P  ,  Gamma  is  PIT 
oimes  the  constant,  K2  in  equation 

^  •  zTTk^  =  2TTvr 
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Circulation  flow  is  different  from  rotational  f 1 ow  in  that  the  tangential 
velocity  of  circulation  flow  -I’cci’v.aoco  iirocr.ly  with  an  increased  radius,  while 
the  velocity  of  rotational  flow  increases  with  ir creased  radius#  . 
Rotational  flow  is  analogous  to  the  velocity  of  particles  of  a  rotating  disk# 
Circulation  is  considerably  different  in  that  the  velocity  is  infinite  at  the 
center  of  circulation^  This  is  impossible  in  nature  but  many  exanples  of 
circulation  Lro  in  evidence  v:ith  the  extreme  center  of  the  circulation 
rotating  as  a  solid  core^  Tornadci.,  v:ater  spouts  and  whirl  pools  are  an 
examples  of  circulation  flowc  Extremely  low  pressures  exist  near  the  center 
of  these  circulation  systems  due  to  the  high,  velocities  attained. 

If  the  flow  patterns  of  c.irculation  and  a  flow  about  a  cylinder  were 
combined  as  in  Fig,  2oao3^9  a  new  set  of  strc.Tiline  patterns  would  result 
relocating  the  stagnation  p^i^ts  on  the  cylinder#  A  rotating  cylinder  in 
uniform  linear  flew  wouj.d  give  th.e  same  flow  pattern* 

Circulatior;  a'  d  lni*'or:a  Slu.-i  Ab-jut  a  Cylinder 
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At  this  point, it  should  be  made  clear  that  the  velocities  of  all  of  these 
potential  flows  may  be  expressed  mathematically  so  the  velocity  at  any  point 
in  the  flow  may  be  found,  thus  the  streamline  patterns  nay  be  determined. 

Also  the  pressure  on  the  surface  may  be  found  from  Bemoullis  equation  since 
the  velocities  are  known.  Complicated  combinations  of  these  potential  flows 
are  laborious  to  calculate  by  ordinary  means  but  mathematical  methods  beyond 
the  scope  of  this  course  are  used  for  these  cases. 


Velocity  Around  Cylinder 


V  —  V 

Figure  2. h.  3.10 


The  combination  of  uniform  linear  flow  and  circulation  about  a  body, 
such  as  a  cylinder,  results  in  unequal  pressures  about  t  ic  top  and  bottom 
of  the  body, thus  giving  a  force  applied  to  the  body  perpendicular  to  the 
direction  of  tne  uniform  linear  flow.  With  the  direction  of  circulation  as 
shoim  in  Fig.  2.ii.3.10  the  velocity  at  the  sui’facc  of  the  cylinder  on  the 
bottom  vjill  be  less  than  the  free  stream  velocity,  and  the  velocity  at  the 
top  vjill  be  greater  than  the  free  stream  velocity.  Considering  Bemoullis 
equation,  this  gives  a  higher  average  pressure  on  the  bottom  of  the  cylinder 
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than  at  the  top  so  an  up^;ard  lift  force  results.  This  lift  force  ia 
dependent  upon  the  strencth  of  the  circulation.  The  relationship  between 
lift  and  ohe  strength  of  circulation  and  free  stream  velocity  vjas  derived 
independently  by  Kutta  and  Joukowski  and  is  known  as  the  Kutta— Joukowski 
relation.  A  simple  derivation  of  this  relation  using  Bernoullis  inconpressible 
equation  follows.  This  derivation  is  not  rigorous  so  we  Mill  make  an 
approximation  to  arrive  at  the  desired  relation.  The  average  velocity  along 
the  top  of  the  cylinder  is  (V  +  v)  and  along  the  bottom  of  the  cylinder  is 
(V  «  v)  for  the  flow  shoim  in  Fig.  2Ju3.10.  Now  applying  Bemoulli*s 
equation  for  the  streamlines  above  and  below  the  cylinder  we  have: 

Po  ♦  =  Pt 

1  »  Pb  +  i 

2  2 

•*.  Pt  +  I  f  “  '’b  *  i 

Pt  -  Pb  =  i  -  (’f  -  v)3 


Pt  -  P3  -  i  f 

AP  **  2Pv  V 

Equation  2,li,3*5 

Now  if  we  consider  a  one  foot  length  or  span  cf  the  cylinder,  the  equation 
for  the  lift  force  is : 

L  =  (Pb  -  Pt)  d 
L  =  2  f  V  V  D 

Equation  2.U«3.6 
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The  snail  velocity  (v)  used  in  our  average  velocities  is  not  the  sane 

as  the  velocity  (v')  due  to  circulation  at  the  surface  of  the  cylinder  but  is 
related  to  it. 

The  equation  for  the  circulation  is: 

P  =  2Trv*  R 
P  *7Tv*  D 
If  we  assume  v  ■  K  v' 

Then  P  *  -^L-v  D 

L  *  2  P  V  V  D 

L .  2evr  K 

TT 

T  *  2K  ^  wfi 

IT  Equation  2.3.3.7 

Assume  2K  «  1.0 

TT 

Then  lift  per  unit  span,  L  *  PvP  (Kutta-Joukowski  relation). 

This  equation  holds  for  any  shape  body  with  circulation  and  unifom 
linear  flows.  Both  flows  must  be  present  to  produce  lift;  if  either  of  the 
flows  is  non-exLstant  there  can  be  no  lift.  The  airfoil  is  a  device  to 
produce  circulation  when  acted  upon  by  uniform  linear  flow. 

If  a  circular  cylinder  is  fixed  in  a  uniform  stream,  it,  of  ccurse, 
experiences  no  lift.  Further,  if  it  is  riven  an  angular  displacement,  it»s 
lift  does  not  change,  but  remains  zero.  Thus,  this  degenerate  "airfoil”  may 
be  said  to  be  in  a  stall  condition,  at  maxirura  lift,  in  fact.  Now,  if  the 
circular  cylinder  is  given  a  constant  angular  velocity  of  rotation  about  its 
axis,  then  a  circulation  develops  and  an  aerodynamic  force  transverse  to  the 
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flow  direction  is  exerted.  If  the  stream  velocity  is  from  left  to  right 
and  the  rotation  is  clockwise,  then  the  force  is  upward  (lift).  If  the 
rotation  is  counter  clockwise,  the  force  is  downward. 

This  phenomenon  is  explained  by  consideration  of  the  boundary  layer. 

In  the  case  of  clockwise  rotation,  the  upper  surface  of  the  cylinder  is 
moving  with,  and  the  bottom  surface  against,  the  flow.  Consequently,  when 
circulation  is  present,  the  boundary  layer  separates  later  on  the  top  and 
sooner  on  the  bottom  than  is  the  case  when  the  cylinder  is  not  rotating. 

On  the  top,  later  separation  means  that  the  velocity  outside  the  boundary  layer 
is  lower  at  separation,  liow,  the  separation  point  signifies  the  beginning  of 
a  wake.  Therefore,  the  clockwise  vorticity  shed  into  the  wake,  being 
proportional  to  the  local  outer  velocity,  is  less  on  the  top,  and  the  counter 
clockwise  vorticity  shed  at  the  bottom  separation  is  greater,  than  in  the  case 
of  no  rotation. 

Therefore,  owing  to  clockwise  rotation,  a  net  increase  of  counter  clockwise 
vorticity  is  shed.  By  the  law  of  conservation  of  circulation,  the  circulation  there¬ 
fore  cannot  be  zero,  and  a  clockwise  circulation  must  develop  about  the  airfoil  to 
compensate  for  the  shed  vorticity.  According  'bo  classical  hydrodynamics,  this 
circulation  results  in  lift. 

There  are  many  exanples  of  this  lift  force  due  to  circulation  besides  the 
wing  of  an  airplane.  This  effect  caused  by  combining  circulation  and  uniform 
linear  flow  is  called  the  magnus  effeeb.  It  is  evident  in  a  rota'ting  ball  such 
as  a  curve  ball  pitched  in  baseball.  Ships  have  been  made  by  replacing  the 
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sail  with  a  rotating  vertical  cylinder  to  provide  the  force  normally  obtained 
from  the  sail.  An  airplane  was  constructed  (although  not  flown)  where  the 
wing  was  replaced  by  a  rotating  horizontal  cylinder. 

It  is  interesting  to  understand  how  tho  circulation  starts  about  an  air¬ 
foil  once  the  airfoil  starts  moving  thru  the  air.  If  there  were  no  circulation 
the  stagnation  point  on  the  rear  of  the  airfoil  would  be  on  the  upper  surface 
just  forward  of  the  trailing  edge.  This  requires  the  flow  below  the  under 
surface  of  the  airfoil  to  turn  the  sharp  corner  at  the  trailing  edge  to  reach 
the  stagnation  point.  Since  the  viscosity  of  the  air  will  not  allow  this  (due 
to  energy  lost  in  the  boundary  layer)  separation  will  occur  at  the  trailing  edge 
which  starts  a  circulation  motion  counter  clockwise  called  a  starting  vortex. 

See  Figure  2.14.3.11.  The  starting  vortex  leaves  the  trailing  edge  of  the  air¬ 
foil  and  remains  rjith  the  air  at  the  point  where  it  was  formed.  The  starting  vortex 
causes  the  circulation  around  the  airfoil  to  form  and  this  circulation  remains 
with  the  airfoil  as  it  moves  fon;ard.  So,  in  order  to  have  circulation  exist, 
we  must  have  the  viscious  property  of  air.  If  air  had  no  viscosity,  vangs 
could  not  produce  lift. 

Starting  Vortex  on  Airfoil 
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2.U.3.U  FWfJ  ABOUT  TWO-DIMENSIONAL  WINGS: 

This  section  considers  vrings  of  infinite  span  or  a  wing  panel  mounted 
from  vjall  to  wall  in  a  wind  tunnel.  Thus  the  flow  pattern  about  any  air¬ 
foil  section  of  the  wing  will  be  identical  to  the  flow  pattern  about  any 
similar  airfoil  section  of  the  ;n.ngo  All  the  streamlines  move  in  planes 
perpendicular  to  the  span,  i.e,,  there  is  no  spanvrise  flow  at  any  point  on  the 
wing. 

Flow  Pattern  About  an  Airfoil  Section 


pattern  ''s  obtair.rc  by  c^mbirpng  circulation  and  uniform  linear  flov7.  Note  that 
due  to  the  circulation,  the  resultant  velocity  aiicad  of  the  center  of 
circulation  has  on  upward  comoonent,  which  is  called  upwash.  To  the  rear  of 
the  center  of  circulation  bhe  resultajit  velocity  has  a  downward  component 
vjhich  is  called  the  downwash.  As  the  horizontal  dist''.ncc  from  the  center  of 
circulation  increases,  the  vertical  comooaent  of  the  resultant  velocity 
decreases  until  it  is  essentially  zero  for  the  flow  at  great  distances  forward 
nuid  oft  of  toe  airfoil.  "I'fierefore,  fici-e  is  no  n -t  change  in  the  x^low  pattern 
^ron  a  great  dist  nee  ahead  of  the  airfoil  to  a  "reat  distance  behind  the 
airfoil.  Therefore,  a  two-dimensional  ’In'-  has  no  net  flovaiwash  velocity 
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remaining  in  the  air  far  behind  the  vrin^;,.  This  condition  gives  no  induced 
drag  for  the  airfoil  as  will  be  shown  later* 

The  upwash  ahead  of  a  wing  is  considered  in  d(aerniining  the  relative  v/ind 
approaching  a  tractor  t;;,gDe  propeller.  This  information  is  necessary  in 
determining  asymmeti’ic  loads  on  the  pi'opcller  for  structural  reasons© 

2.I1.3.5  FLO’./  A^O'JT  1^11103  l/TTf?  TIPS: 

Before  discussing  the  flow  pattern  about  wings  with  tips  we  must  cover 
some  vortex  laws.  In  order  to  have  pure  circulation  flow  without  the 
presence  of  a  body,  we  must  have  an  infinite  velocity  at  the  center  of  circula¬ 
tion.  This  cannot  happen,  so  near  the  center  of  circulation  the  fluid 
P^^icles  rotate  as  a  solid  body  called  the  nucleus.  Beyond  the  nucleus  the 
flow  is  pure  circulation.  The  velocity  piofile  of  this  combination  of  flow 
is  shown  in  rig,  2,li,1.13,  This  combination  of  fijw  is  called  a  vortex  or 
eddy.  If  the  circulation  fiow  is  about  a  body  such  as  a  cylinder  or  air¬ 
foil,  the  nucleus  of  the  vortex  is  within  the  body  so  it  would  be  non-existant. 


Velocity  Profile  of  a  Vortex 


Figure  2c.ii..‘,13 
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Since  a  wing  causes  circulation^  the  wing  may  be  replaced  by  a  vortex 
extending  from  tip  to  tip*  The  line  defining  the  center  of  this  vortex  re¬ 
placing  the  wing  is  called  the  lifting  line  or  bound  vortex*  In  general^  the 
line  defining  the  center  of  a  vortex  is  called  the  vortex  filament* 

Two  of  the  vortex  laws  are  of  significance  at  this  point* 

1*  A  vortex  filament  cannot  have  an  end  but  must  either  continue  to 
infinity  or  foima  closed  path* 

2*  The  strength  of  a  vortex  filament  is  constant  along  its  length* 

A  smoke  ring  is  an  example  of  a  vortex  filament  which  forms  a  closed  path* 

In  a  wing  with  tips  ,the  bound  vortex  cannot  stop  abruptly  at  the  tips  but  must 
form  a  closed  path  or  extend  to  infinity..  It  could  not  continue  in  the  same 
direction  beyond  the  wing  tips  since  it  would  still  be  perpendicular  to  the 
uniform  linear  flow  and  still  produce  lift  which  obviously  doesn't  occur  beyond 
the  wing  tips.  The  only  logical  way  for  the  vortex  f^.lament  to  continue  to 
infinity  is  to  bend  perpendicularly  back  at  the  tips  towards  and  beyond  the 
trailing  edge  of  the  wing  as  shown  in  Figure  2*U*3.m«  These  Vortices  extending 
back  from  the  wing  tips  are  called  trailing  vortices*  These  trailing  vortices 
produce  a  downwash  in  the  flow  behind  the  wing  in  addition  to  the  downwash 
caused  by  the  bound  vortex.  An  example  of  the  dovmwash  caused  by  the  trailing 

mam 

vortices  off  the  tips  of  a  rectangular  wing  is  shown  in  Figure  2*U*3*15*  Note 
that  these  trailing  vortices  extend  back  to  infinity  so  that  there  will  still  be  a 
net  downwash  behind  the  wing  with  tips  even  at  distances  from  the  trailing  edge 
where  the  downwash  caused  by  the  bound  vortex  is  negligible.  This  is  not  true 
for  wings  without  tips  as  discussed  in  the  previous  section* 
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Bound  Vortex  or  Lifting  T.inA 


Bound  and  Trailing  Vortices 


A'lgure  2J4,3.15 


In  air  vdth  viscosity,  the  trailing  vortices  eventually  danp  <«it  and  do 
not  extend  to  infi.,ity  but  they  renain  for  a  considerable  distance  behind  the 
wing  as  IS  evident  from  the  quote  fron  i;aSA  TII  Ho,  3377;  "ibcperlence  to  da1 
indicates  that  the  exhaust  blast  frcn  jet  airplanes  dissipates  quickly  at 


'  Trailing 


TrailiM  Vortxott* 


Figure  2.1;. 3.11. 


Spanwlse  Dowiiwash  of  Rectangular  VJing 


Down  Wash 
elocities 


about  300  ft*  with  rrdnor  air  disturbances  to  following  aircraft;  but  the  vortex 
wake  turbulence  may  persist  for  several  minutes  in  a  veiy  powerful  form*”  For 
an  airplane  flying  8  miles  per  minute,  this  statement  indicates  that  the 
trailing  vortices  still  have  considerable  strength  16  miles  or  more  behind  the 
airplane. 

Up  to  now  vie  have  considered  rectangular  viings  so  only  one  bound  vortex 
of  constant  strength  is  needed  to  replace  the  vjing.  If  the  wing  were 
tapered  or  of  any  planform  other  than  a  rectangular  planform,  each  unit  span 
section  of  the  ^rin"  wov.ld  not  n^’oduce  the  same  lift.  Therefore,  the  circulation 
must  be  greater  for  some  sections  of  the  T:ing  than  other  sections.  Since  one 
vortex  filament  must  have  a  constant  strength  along  its  entire  length,  we  must 
consider  many  vortex  filaments  arranged  similar  to  that  shown  in  Fig.  2.U.3.16 
to  obtain  the  desired  lift  distribution  along  the  span.  For  a  tapered  wing, 
or  one  where  the  lift  contribution  of  each  small  section  of  the  wing  gradually 
decreases  as  the  tips  are  anoroached,  the  wing  may  be  considered  to  be  re¬ 
placed  with  an  infinite  number  of  vjeal:  "ortex  filaments.  The  trailing  vortices 
of  all  these  filaments  *v70uld  extend  off  the  trailing  edge  continuously  from 
tip  to  tip  and  form  a  sheet  of  vortices  called  the  trailing  vortex  sheet. 

Each  of  the  trailing  vortices  xrould  contribute  to  the  overall  dovmwash  behind 
the  xdng  thus  tendin^'  to  give  a  more  uniform  downwash  velocity  from  tip  to  tip 
as  shovm  in  Fig,  2.1i,3.17, 


$ 
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Vortices  Forned  by  Tapered  Wing 


Figure  2. L 3.16 


Figure  2J1.3.I7 
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2,U.3.6  IiroUCI'D  DRAG  ABOUT  OTJGS  WITH  Ul'IIFORII  DOWirWASH  DISTRIBUTION: 

If  the  planform,  were  properly  determined,  the  wing  would  have  a 
uniform  downwash  velocity  distribution  caused  by  the  trailing  vortices.  It 
has  been  proved  by  Prandtl  that  a  wing  with  an  elliptical  spanwise  lift 
distribution  will  result  in  a  uniform  downvTash  distiibution  along  the  span. 
Fig,  2.ii.3»l8  shows  an  elliptical  lift  distribution.  An  elliptical  planfon^ 
wing,  similar  to  the  Spitfire  wing,  vTill  give  an  elliptical  lift  distribution 
provided  the  wing  were  constructed  from  the  same  airfoil  section  and  had  no 
twist. 

Elliptical  Spanwise  Lift  Distribution 


Figure  2.ii,3.l8 


2-110 


Upwash  and  Jownwash  Velocity  Downvjash  or  upwash  caused  by 

Profile  in  Direction  of  I'lciv  'oound  vortex 


Fig^  2.)4.3c19  sho;js  the  velocity  profile  of  the  upwash  caused  by  the 
bound  vortex,  the  doTmwash  caused  by  the  trailing  vortex  and  the  net  upwash 
and  downwash  caused  by  both  effects,  note  that  at  a  large  distance  behind  the 
wing,  the  only  doi-mwash  is  that  caused  by  the  trailing  vorticesc 

It  should  be  noted  that  the  trailing  vortices  extend  rearward  from  the 
bound  vertex  but  there  is  a  downv)ash  coiuponent  from  the  trailing  vortices  for» 
vjard  of  the  bound  vortex.  This  situation  is  analogous  to  the  velocity  in¬ 
crease  of  the  air  passing  thru  a  propeller  x*;here  half  of  the  velocity  increase 
occurs  before  the  propeller  and  the  other  half  occurs  behind  the  propeller » 
This  fact  is  easily  proven  by  tne  nonentur*  theory  for  a  propeller.  The  same 
condition  is  true  for  a  wing  with  tips  and  the  proof  is  sirrilar  to  that  used 
the  propeller.  Half  of  the  downwash  velocity  caused  by  the  trailing 
vertices  occurs  before  the  bound  vortex  and  other  half  occurs  behind  the 
wing  (V/^).  Remember  the  velocities  Wt  and  would  be  zero  if  the  wing  had  an 
infinite  span  so  that  no  trailing  vortices  existed. 
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The  local  velocity  of  the  bound  vortex  (nhich  is  the  center  of  lift)  le 
the  vector  sum  of  the  free  stream  velocity  (7^)  and  the  downwash  velocity  at 
the  bound  vortex  (W^^) .  The  angle  between  the  free  stream  velocity  (V^)  and 
the  resultant  velocity  is  the  induced  angle  (o^^)  as  shown  in  Fig.  2.U.3.20# 


Since  the  force  produced  by  circulation  and  uniform  linear  flow 
combination  is  at  right  angles  to  the  local  linear  flow  at  the  center  of 
circulation,  the  force  produced  by  the  airfoil  with  tips  is  at  right  angles  to 
the  local  linear  flow  at  the  vortex  filament  or  center  of  pressure.  This  force 
is  not  perpendicular  to  the  free  stream  velocity  (V^^)  but  bends  back  giving  a 
rearward  coirponent  in  the  direction  of  7^  as  shown  in  Fig.  2,h.3.20.  The 
component  of  the  force  parallel  is  called  the  induced  drag ,  D!^  . 

Note  that  we  are  still  considering  flow  with  zero  viscosity  so  there  is 
no  parasite  drag.  We  come  up  with  a  drag  force  known  as  induced  drag  which 
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is  caused  by  the  fact  that  the  local  linear  velocity  at  the  center  of  circula¬ 
tion  is  not  the  same  as  the  free  stream  velocity.  The  downwash  velocity  at  the 
center  of  circulation  causes  this  difference.  The  downwash  velocity  is  a 
result  of  the  trailing  vortices  which  are  necessary  because  the  wing  has  tips. 
Therefore,  the  induced  drag  is  the  penalty  we  pay  for  having  a  wing  with  tips. 
With  reference  to  Fig.  2.ii.3#20,  the  following  relationships  are  apparent: 

tano<’i  .  5][l 

Vo 

sinoC  i 

F 

coso<  i  .  L 
F 

For  small  angles  ofo(^: 

tanOfi  ,  sinOCi  =  (in  radians) 
cosOCi  *  1*0 

Therefore : 

OCi  -  J:- 


Di  =  FoCi 
1.0  .  L 

L  =  F 

Now  we  will  find  an  expression  for  lift  by  considering  the  momentum 
change  in  the  air  which  flows  by  the  wing. 
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From  Heirton's  second  law: 


_  d(m  V) 

F  ®  -  ■  mass  flow  x  A  V 

Consider  a  streamtube  with  a  perpendicular  area  ( A  }  which  contains  the  air 
affected  by  the  downwash  (W2), 

Mass  flow  of  the  eir  in  this  streamtube  =  "P  A  V 
Change  in  velocity  of  this  air  ( A  V)  *  >^2  -  0  =  W2 
Force  =  ^  h  V  V/2  lift 


oince 


W, 
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<2  " 

Lift  *  2  p  A  ^ 

Now  consider  the  lift  of  a  wing  with  a  elliptical  spanwise  lift 
distribution  (which  gives  a  uniform  spanwise  downwash  velocity).  The  German 
scientist  Prandtl  has  proven  that  this  t^T^e  of  lift  distribution  effects  the 
^he  sane  as  the  flow  in  a  streamtube  of  circular  cross  section  with  diameter 
equal  to  the  span  h^’-ing  a  velocity  change  of  W2. 


Therefore 


:  It^ 

u 


So  lift 


'..’here  b  is  the  span, 

2  PT^.  vw. 


^  TT  b^  V  W, 
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TT  p  b2  y 
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TT  P  b^  V‘ 
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Equation  2.U,3.8 
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Since 


L  =  q  S 

OTi  =  S 

TTb^ 

Since  Aspect  Ratio  (AR)  ^ 
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TTAR 


From  before  D.  n 
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/,  *=  LOCi  =  q  S. 

77  AR 


Di  =  _  C];2 
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TTAR 


Equation  2,li.3*9 


Remember  that  t'lis  equation  was  derived  for  a  wing  with  a  uniform  down- 
wash  velocity  at  all  points  along  the  span.  This  condition  will  occur  for  a 
wing  with  an  elliptical  planform  >ath  no  twist  and  using  the  same  airfoil  section 
throughout  the  span.  Other  planforms  such  as  a  tapered  wing  vath  proper  taper 
will  approach  this  condition.  The  equation  as  derived  is  the  ideal  induced 

drag  coefficinot  or  the  lowest  value  of  induced  drag  coefficient  one  can  hope 
to  attain. 

2,h.3.7  OSWALD'S  EFFICIENCY  FACTOR; 

Since  most  wings  do  not  have  an  elliptical  lift  distribution,  their 
induced  drag  will  be  greater  than  that  found  by  the  equation; 
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-  ^.<1  s 

TTAR 

To  account  for  this  dif ference, an  efficiency  factor  is  used  called  the 
Oswald's  efficiency  factor  (e)  or  airplane  efficiency  factor.  This  factor 
which  is  usually  sliphtly  less  than  unity  is  included  in  the  denominator  of 
the  induced  drag  coefficient  equation. 

Therefore:  Cn  _  _ 

^  ~  fr”AR  e  Equation  2. U. 3,10 

For  an  ideal  elliptical  winp  the  Oswald’s  efficiency  factor  is  1,0#  Th« 
quantity  is  called  the  effective  aspect  ratio, 

V/ings  \.x.ui  straight  leading  and  trailing  edges  are  much  easier  to  construct 
than  an  elliptical  planform  x-ang  so  tapered  wings  are  primarily  used  on  air¬ 
planes,  Foi'tunately  the  tapered  wing  with  a  proper  taper  ratio  has  an 
efficiency  factor  close  bo  1,0.  There  ne  two  common  ways  of  increasing  the 
efficiency  factor  of  a  given  taper  v.Tin^',  One  way  is  to  change  the  airfoil 
section  along  the  span  to  nrovide  a  spanwise  lift  distribution  which  more 
closely  apnroximates  an  elliptical  lift  distribution.  This  may  be  done  by 
gradually  changing  a  characteristic  of  a  given  airfoil  along  the  span,  such 
as  the  thickness  ratio  or  camber.  The  second  way  is  to  twist  the  wing 
gradually  along  the  span  so  that  the  tip  airfoil  incidence  vail  be  different 
from  the  root  airfoil  incidcnc*. 

To  review^  there  nre  five  possible  ways  to  obtain  a  high  Oswald's  efficiency 
factor . 

1,  Desi./n  an  elliptical  nlanform  wing 

2,  Twist  the  xring  , 
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3*  Change  airfoil  sections  along  the  span, 

li.  Design  a  tapered  wing  with  points  2  a  3  above. 

5.  Design  a  vdng  vdth  proper  fences  or  tip  tanks  , 

It  is  often  convenient  to  calculate  the  induced  drag  from  the  equation 
derived  below : 


^i  "" 


D.  = 


q  s 


AR 


'i  "  - 


q 
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Di  . 


Tfq  e  ^2 


*^i  «  (L/b)^  .  (n  W/b)^ 

TT  q  e  TT  q  e 


Equation  2. U, 3.11 


The  Oswald's  efficiency  factor  of  a  wing  nay  be  found  from  flight  test 
orce  the  drag  polar  (the  variation  of  total  drag  coefficient  with  lift 


coefficient)  is  knovm.  This  method  assumes  .‘•’lat  the  parasite  drag  coefficient 
remains  constant  and  there  is  no  drag  due  to  compressibility.  The  following 
relationship  for  total  drag  coefficient  applies  for  lift  coefficients  which 
are  reasonably  below  Cj^  niax^  such  as  from  -•  0  to  =  1,0. 


A  plot  of  Cjj  vs  will  be  a  straight  line  if  our  assumptions  hold^ 
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TIio  equation  for  a  straight  line  is: 


y  -  70  ♦  MX 

where  Jois  the  y-axis  intercept  and  m  is  the  slope  of  the  line. 

In  the  plot  of  Cj^  vs  is  the  y-axLs  intercept  and  1 

^  TT«  e 

is  the  slope  of  the  line.  By  measuring  the  vAue  of  the  slope  from  the  plot 
and  knowing  the  aspect  ratio,  the  Oswald *o  efficiency  factor  my  be  found. 


•  •  e  _  1 

7f  AR  ■ 


EqMtlOB  2.iu3.12 


The  Oswald's  efficiency  factor  of  an  airplane  with  properly  located 


tip  tanks  or  other  end  plate  effect  wiU  be  hi£her  than  for  the  basic  air-  M 
plane.  These  devices  nay  allow  the  Oswald's  efficiency  factor  to  be  greater 
than  1.0,  and  nay  therefore  increase  the  effecUvo  aspect  ratio  of  the  wii^!^ 
Therefoi.,  induced  drag  and,  the  Oswald's  efficiency  faster  has.  a  noUceA»: 
effect  on  the  perfomance  of  airplanes  flying  at  low  speeds  or  high  alUtudMv . 
Seaplanes  .which  are  generally  flown  at  speeds  just  above  the  staU  speed  to 
obtain  the  minimun  rate  of  descent,  have  high  aspect  ratio  wings  to  reduce 
the  induced  drag.  On  sone  airplanes  a  high  aspect  *»Uo  wing  has 
which  are  more  important  than  tlie  advaitage  of  reduction  in  Induced  drag.  A 


high  aspect  ratio  wing  presents  a  structural  problem,  and  thus  requires  more 
weight  for  a  given  wing  area.  Also  a  high  aspect  raUo  wing  will  have  a  short 
chord  so  a  wing  of  given  thickness  ratio  has  a  lower  physical  thickness.  tSs 
nay  not  allow  sufficient  space  to  retract  the  landing  geai  into  the  wing  dr 
to  provide  adequate  fUel  cells  in  the  wing.  Airplanes  designed  to  operate  at 
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high  speeds  do  not  have  much  induced  drag  at  these  speeds, so  a  small  reduction 
in  induced  drag  will  not  appreciably  effect  the  performance.  In  fact, the 
lower  the  aspect  ratio  the  lover  will  be  the  drag  due  to  coapXBssibility  on 
airplanes  Intended  to  operate  at  transonic  and  supersonic  speeds. 

The  induced  drag,  never  the  less,  still  is  isqportait  in  take-off  and 

landing  performance,  cruise  and  climb  performance  and  maneuverability,  especially 
at  high  altitude. 


SIXTIOIJ  III 


PERFORMAI'iCE 


3.1.  I-}  CE  I-r.UA^ TOPS 

3.1*1-  Tl.TPOD’JCTIGN 

V!  c  folio* In'-  oectior.  uill  shoij  the  o:'i(ln  of  the  basic  perfoiTiance 
equations  vihich  apply  to  steady  rii;^ht.  The  derivations  vdll  use  the 
follovinp:  assumptions: 

1.  All  tne  forces  actinj^  on  the  airplane  act  thi'ouph  the  center  of 
gravity. 


2c  Tho  force  is  pnrallel  to  the  direction  of  flight, 

3.  The  mass  or  reipht  of  tlic  airplane  is  const^?nt, 

I,  The  ac rod;, 710:110  forces  are  in  the  olane  of  s.’/mnetry  of  the  airplane; 
that  is,  tho  airplane  is  in  coordinated  flirrht. 

V/o  will  derive  the  neri  rv.r.nce  equations  for  straight  and  level  flipht, 

I  lic  ipf  '  nd  clinbinp  iliyat  r;n '  level  turninr  fli  :ht.  These  equations  are 
j.osir.  :'or  estimatin'’  aircral’t  pcrfci-iince  and  for  reduction  of  flight  test 
data  to  standard  conditic.ns, 

A  review  of  Hewton's  three  laws  of  motion  is  anpropriate  at  this  time^ 
They  are: 


1.  A  body  at  rest  remains  at  rest,  and  a  body  in  motion  continues  to 
move  at  a  constant  speed  along  a  straight  line,  unless  the  body  is  acted 
upon  in  either  case  by  an  unbalanced  force. 


2,  The  time  rate  of  chaage  of  momentum  is  oroportional  to  the  impressed 

force.  This  lav;  is  stated  in  equation  form  as  F  (force)  *  ^  ^  where 

m  J  is  momentum.  ..itn  the  mass  held  constant  this  equation  becomes  the 

familiar  expression  of  Ilewton's  second  law  which  is  F  «  m  dV  *  m  A. 

3t 
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3.  For  every  force  or  action  there  is  an  equal  and  opposite  reaction. 

We  will  make  use  of  the  first  two  of  Uewton's  laws  in  the  following 
derivations^ 

3.1.2  STRAIGHT  AND  LEVEL  FUGOT 

According  to  Newton’s  first  law,  if  an  airplane  is  flying  straight  and 
level  at  a  constant  speed  all  the  forces  must  balance  out  so  the  net  force  is 
zero.  The  forces  acting  on  an  airplane  are  lift,  drag,  thrust  and  weight. 
Lift  force  is  the  ccsnponent  of  the  aerodynamic  forces  perpendicular  to  the 
relative  wind^  The  drag  force  is  the  component  of  the  aerodynamic  forces 
parallel  to  the  relative  wind.,  The  thrust  force  is  produced  by  the  airplane 
propulsive  unit  (propeller,  turbo-jet,  rocket)  and  is  assumed  parallel  to  the 

relative  wind.  The  weight  force  acts  tcvrards  the  center  of  the  earth. 

Level  Flight 


V 

Relative  Wim 


Figure  3,lol 
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In  this  case  the  four  forces  lie  alone  only  ti:o  directions,  the  horizontal 
and  vertical.  The  lift  opposes  the  weight  and  the  thrust  opposes  the  drag. 

Refer  to  Fig  Iddo  Therefore, we  easily  obtain  the  following  equations: 

L  -  =  0 

L  =  W 

T  -  D  =  0 

•  *.  T  =  D 

Those  equations  apply  only  to  straight  and  level,  unaccelerated  flight. 

If  the  thrust  is  increased,  there  Trri.li  be  ar  unbalanced  force  in  the 
direction  of  dipht  so  the  airplane  vrLll  accelerate.  The  amount  of  acceleration 
is  detemi.neri  by  Newton's  second  law,  F  =  m  a  .  The  unbalanced  force  is  (T-D) 
so  we  have* 

T  -  D  =  rn  a  =—  a 

C 

The  acceleration  is  therefore;  ^  (T-D')  p  Equation  3dol 

VJ 

The  units  of  acceleration  of  the  airplane  Ir.)  ai-e  tlie  sa^ie  as  the  units  of 
the  acceleration  of  gravity  (g).  The  term  (T-l)  13  called  excess  thrust  and 
is  often  denoted  as  To 

This  equation  apolies  as  long  as  the  airplane  is  flying  level.  The 
thrust  and  drag  may  change  as  the  speed  changes  so  the  acceleration  will  be 
different  at  different  speeds.  The  speed  for  maxinrm  acceleration  is  the 
speed  where  the  net  force,  (T-D),  or  excess  thrust  is  the  raaxiinuni.  At, some 
speed  the  drag  will  equal  the  maximum  thrust  cutout  of  the  engine  so  the 
airplane  will  no  longer  accelerate.  This  is  obviously  the  maximum  level 
flight  speed  of  the  airplane. 
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Note  that^  if  the  flight  is  straight  and  level,  the  lift  miist  be  equal 
to  the  weight  at  all  speeds*  In  order  to  fly  straight  and  level  the  pilot 
adjusts  the  airplane  attitude  such  that  it  is  producing  just  enough  lift  to 
oppose  the  weight  forcse 
3 el. 3  GLIDING  FLIGHT 

Consider  an  airplane  in  a  glide  holding  a  constant  true  airspeed  with 
power  off  Since  t-he  thrjst  is  zero  there  are  only  three  forces  acting  on 
the  airplane,  lift;  drag  and  weight  .,  In  a  steady  straight  glide  these  forces 
nust  cancel  so  there  is  no  net  force  acting  on  the  airplane*  This  condition 
is  shov;n  in  Fig  3  do  2*  The  angle  is  the  angle  of  climb  measured  between  the 
horizon  and  the  flight  path.  The  angle  will  have  a  positive  sign  when  the 
airplane  Is  climbing  and  a  negative  sign  when  the  airplane  is  descending* 

The  weight  force  can  be  considered  as  having  two  components,  one  opposing 
the  lift  and  the  other  opposing  the  drag- 


Gliding  Flight 


Figure  3.1.2 


From  Fig.  3«1.2  it  is  evident  that  the  weight  components  are  v;  cos  V  and 
W  sin  y  opposing  the  lift  and  drag  respectively «  This  gives  us  the  following 

countings : 

L  ■  W  cos 
D  =  V?  sin  TS 

Dividing  the  above  equations  we  have: 

D  ,  \l  sin  y  *  tan  Equation  3.1*2 

L  W  cos  K 

It  is  then  evident  that  the  angle  of  glide  ( 8  )  is  determined  by  the  ratio 
of  drag  to  lift  (d/L)*  The  minimnm  glide  angle  occurs  at  a  glide  speed  where 
D/L  is  a  minimum  or  L/D  is  a  maximum^  In  order  to  glide  a  maximum  distance 
from  a  given  altitude,  the  minimum  glide  angle  is  desired*  The  minimum 
gD.ide  anr-le  (or  L/D  max)  is  obtained  when  the  airplane  glides  at  a  optimum 
angle  of  attack.  This  aigle  of  attack  is  determined  by  the  drag  character¬ 
istics  of  the  airplane  so  an  aerodynamically  "clean"  airplane  will  glide 
farther  than  a  "dirty"  airplane.  Note  that  a  heavy  airplane  wr.ll  glide  as  far 
as  a  light  airplane  providing  both  are  flying  at  tlie  optimum  angle  of  attack 
for  gliding  flight.  In  order  to  do  this  the  heavy  airplane  must  indicate  a 
higher  speed  than  the  light  airplane. so  its  rate  of  descent  will  be  higher. 

At  low  angles  of  glide  the  lift  will  nearly  equal  the  weight  since  the 
cosine  of  a  small  angle  is  approximately  equal  to  1,0, 

3.1,U  CLBIBH^G  FLIGHT 

If  an  airplane  is  in  a  steady  climb  and  maintaining  a  constait  tnae  air¬ 
speed  all  the  forces  acting  on  the  airplane  must  cancel.  The  forces  act  as 
shown  in  Fig  3.1.33i;'?iis  the  angle  of  climb. 
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Climbing  Flight 


Figure  3.1, 3a  Figure  3* 1.3b 

If  we  consider  the  forces  paralled  to  tne  direction  of  flight,  we  will 
obtain t 


T  -  D  »  W  sin  ^  *  0 
(T-D)  -  W  sin  JT 
sin  y  •- 

IT 


Equation  3,1.3 


Therefore,  the  speed  for  majcjmim  angle  of  climb  is  the  speed  where  the 
excess  thrust  (T‘*D)  is  a  maxiinumc  If  the  thrust  were  zero,  sin*^  *  -  — 

*  T*T 


so  the  speea  for  minimum  drag  would  give  the  minimum  angle  of  descent.  This 
is  identical  to  the  results  obtained  in  Section  3ol.3.  It  can  be  proven  that 
the  speed  for  minimum  drag  is  the  same  as  the  speed  for  ma3d.mum  ratio. 

From  Fig  3.1o3b 

sin  y  *  R/C  where  R/C  is  the  rate  of  climb.  Therefore 

equation  3clo3  becomes;  R/C  ^  jT-D)  Equation  3.1.U 

VI 
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The  units  of  the  rate  of  climb  are  the  same  as  the  units  of  the  true 
airspeed  when  determined  from  equation  3ololi;  that  is,  if  V.  is  in  ft/sec, 

Xf 

the  rate  of  climb  will  be  in  ft/sec.  The  rate  of  climb  equations  with  rate 
of  climb  expressed  in  ft/min  are: 


R/C  (ft/min) 


60  (T-D) 

VJ 


88  \  (T-D) 

v; 

101o3  (T-D) 

V/ 


(^t  in  ft/sec) 
(\  in  mph) 
(V^  in  knots) 


Equation  3ol«3  niay  be  expanded  to: 

R/C  .  i  (T  Vt  -  B 

It  will  be  shovm  in  a  later  section  that  thrust  horsepower  available 

TV  n 

(TH?^)  *  t  and  thrust  horsepower  required  (TKP  )  =  ^  H  when  Vx  is 

in  ft/sec t 

Therefore  R/C  „  1  (TIIP^  x  -  I’lIF  x  550) 

W  ^  r 


or 


R/C  (ft/sec)  _  (TliP-  -  -niP, 


I  cr' 


550 


v; 


R/C  (rt./r.in)  =  (™^a  -  '^n 

W  - 


Equation  3.1.5 


The  difference  between  the  thrust  horsepower  available  and  thirust  norse- 


power  required  is  called  the  excess  thrust  horsepower  and  given  the  symbol  of 
A  TIiP  or  THP^^, 
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Theref -r- 


R/C  (ft./nin)  „  AtHP  33.000 


Equation  3.1.  6 


Either  equation  nay  be  used  to  detemine  the  rate  of  climb  for  un- 

accelcratcd  From  squntion  3.1-6,  it  should  be  noted  that  the  maximum 

rate  of  climb  will  c';cur  at  the  speed  v;here  the  maximum  excess  thrust  horse- 

pcy-ver  (  A  THP;  is  obtainea  This  speed  is  different  than  the  speed  for  maximum 
excess  thrust  (T-O)  unc:’e  maximum  level  a.,  ^eleration  vdll  occur.  At  the  speed 

lor  maj'j.mum  exCrSt  th'ust  horsepower,,  tlie  quantity  (T-D)  x  7^  is  a  maximum- 
Therefore , the  sneed  aI  which  the  best  acceleration  occurs  is  different  than 

the  speed  for  i.vjxuriL.m  rate  ol  climb  The  speed  for  the  maximum  angle  of 

climb  is  the  speed  for  the  maximum  acceleration,, 

In  case  an  airplane  is  climbing  or  descending  a nd  accelerating  or  de- 

celerating^,  the  abov-  equations  for  climb  and  acceleration  will  not  apply. 

There  vail  be  a  .net  oi  unbijar  cod  force  in  this  case  so  the  value  of  T-D-W  sin  "if 

v?xl3  not  cqua-  tei  c 

From  I.'ewtcrJs  second  1-iw  we  nave: 

T-D-W  sin  i  ^ 

g 


'-D  ^'-V,  sen  A 


T  D  V/  /r/C,- 


>/  W 


* 

g  / 


Equation  3.1.7 


where  is  rate-  cf  c^imb  when  acccleratinf  or  Jorolpr'ioiir^ 

acceleration  vatn  climb  or  descent. 
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If  an  nir-l-'.ne  h?s  norr^  excess  thrust  (T-J)  it  may  be  climbed  without 
acceleration  or  accelerated  in  level  flif'ht  or  any  combination  of  climb  and 
acceleration,  with  a  combined  climb  and  acceleration,  the  excess  thrust  used 
for  the  climb  is  represented  oythe  first  term  of  equation  3,1.7.  The 
remaining  excess  thrust  will  provide  an  acceleration  as  determined  by  the 
second  term  of  equation  3,1,7. 

For  the  combined  climo  and  acceleration  condition,  we  can  determine 
the  instantaneous  excess  thrust  if  we  know  the  instar^taneous  rate  of  climb, 
acceleration,  wei'dit  and  true  velocity,  Vfith  this  excess  thniist  v/e  can 
calc'  laf-e  thr;  rate  oi  climb  the  a  i.rolane  ::ou]d  have  at  the  sorie  spe':^  if  the 

acceleration  v;ere  zero.  An  equation  v.’hich  cm  bo  used  under  this  conditi  »n  is 
derived  lelov.’c 


■vir.'' 

for 

from  equation 

VC, 

=• 

(t 

- 

s  / 

'•'t 

R/C 

a 

= 

T-D  , 

T.r 
^ « 

'^t  . 

V 

g 

H/C, 

= 

R/C 

c 

A 

.  .  R/C  =  P./Cg^ 


Equation  3.1.8 


Equation  3.1.3  fives  the  rate  of  climb  the  airplane  would  have  with 
no  acceleration  if  the  combined  rate  of  climb  and  acceleration  are  known. 
Similarly  we  can  find  the  level  flight  acceleration  the  airplane  would  have 
Tjhen  the  comoined  rate  of  climb  and  acceleration  are  known. 
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Solving  for  &  vjs  haves 


Equation 


Equation  3.1.6  is  used  to  detemine  the  level  flight  acceleration 
potwitial  of  an  airplane  if  the  instantaneous  rate  of  climb  and  acceleration 
are  known.  EquatioriS  3,1,6  and  3.1, If  are  helpful  tc  understand  the  corrections 
which  are  used  in  the  reduction  of  the  data  from  the  sawtooth  clinib  and  level 
acceleration  test«  The  acceleration  correction  to  the  sawtooth  climb  data 
nay  be  derived  directly  from  equation  3.1^8. 

3a«5  CONCLUSIC^JS 

At  the  beginning  of  this  paper  four  simplifiying  assuitrotions  were  listed. 
We  Will  discuss  the  effect  of  these  assumptions  on  the  results  obtained. 

The  li  rsc  assumption  states  that  ail  the  forces  acting  on  the  airplane  act 
throuf;h  the  center  of  gravity  Whrnever  an  airpiar.e  is  in  steady  flight, the 
attitude  of  the  airplane  remains  constant.  In  order  .tor  this  to  occur,  the  sum 
of  tns  moments  about  the  center  of  gravity  must  be  zero.  The  wing  lift,  tail 
force,  thrust  and  drag  may  not  act  through  the  center  gravity  but  they  are  of 
such  magnitudes  and  directions  that  no  unbalanced  moment  about  the  center  of 
gravity  exists.  With  a  condition  of  equilibrium  the  resultant  force  in  each 


direction  mny  be  considered  acting  at  the  center  of  gravity  lath  the  same 
magnitude  v/itli  no  effect  on  t  he  resultinj;  equations « 

The  second  assumption  states  that  the  thrust  force  is  parallel  to  the 
direction  of  flight.  The  tlirust  is  seldom  exactly  parallel  to  the  direction 
of  flight  so  it  cfoes  have  r>n  effect  on  the  equations  developed  in  this  paper. 
If  the  angle  betvreen  the  thnist  force  and  direction  of  flight  is  small  (on 


the  order  of  6  to  8°  or  less)  '^nc;  the  thrust  to  weight  ratio  or  thrust  to 
liLt  ratio  is  small  (on  the  order  of  1/3  or  1/U),  this  thrust  effect  will  be 
relatively  rnj.mortai'.t.  i  ost  airplanes,  except  rocket  pewered  airplanes  and 
other  verjr  ,iiph  performance  airplones,  aj-c  generally  flown  within  the  limita¬ 
tions  listed  above.  Tho  porformai’ce  equations  considering  this  thrust  effect 


may  be  easily  derived. 


The  third  assumption  states  that  the  mass  or  weight  of  the  airplane  is 
constant.  Since  fuel  is  being  continuously  consumed  the  weight  of  ai  airplane 
changes  in  flight,  ihis  effect  is  insignificant  for  most  airplanes  since  the 
change  of  weight  over  a  small  time  interval  is  very  small  compared  to  the  total 
weight  of  the  airplane,  iiocket  powered  airplanes  and  airplanes  using  after¬ 
burner  consume  fuel  at  a  very  high  rate  so  this  assumption  cannot  always  be 
used  to  accurately  determine  the  performance  of  such  airplanes.  In  order  to 
account  for  the  rapid  change  of  weight  during  flight,  and  for  other  reasons, 
the  energy  method  of  performance  has  been  developed.  This  method  will  be 
discussed  in  detail  in  Section  3.6. 
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The  fourth  assumption  is  that  the  airplane  is  in  coordinated  flight* 

We  are  generally  not  interested  in  the  performance  of  an  airplane  in  yawed 
flight  or  with  large  aerodynamic  side  loads.  Therefore , this  assumption  is 
appropriate  and  the  equations  are  valid*  One  exception  of  major  inqportance 
is  the  determination  of  performance  of  a  twin  or  multi-engined  aircraft  with 
an  engine  inoperative «  Most  of  the  derived  equations  will  apply  for  this  case 
but  the  additional  drag  due  to  rudder  deflection  and  the  inoperative  engine 
must  be  considered*  Also^  the  wings  may  not  be  level  for  straight  fli^t* 

The  reasons  for  this  will  be  discussed  in  the  stability  section  of  the 
course... 
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3.2  IJv/iiL  FLIGHT  PI^lFGRia^’CE 

3.2.1  DRAG  AHD  Pa-LIR  CH.mCTERIJTICG 

3. 2. 1.1  B’TRODUCnON 

It  is  essential  that  a  thorou^n  understanding;  of  the  aerodynamic  drag 
characteristics  be  obtained  in  order  to  understand  ^ne  factors  affecting 
performance  of  aircraft  and  the  reduction  of  test  flight  data.  This  paper 
will  explain  various  forms  of  drag  and  ooi/er  required  curves  and  idll  indicate 
the  methods  of  obtaining  perfoniance  data  for  standard  conditions  from  flight 
test  data  obtained  during  test  conditions.  Of  foremost  consideration  is  the 
correction  of  flight  test  data  for  non-standard  temperatures  to  obtain 
standard  temperature  performance  data.  With  proper  methods  it  is  also  possible 
to  correct  the  data  for  non-standard  weight  and  altitude. 

At  the  H3AF  Experimental  Flight  Test  Pilot  School  we  arc  primarily 
concerned  vdth  the  corrections  necessary  to  determine  standard  temperature 
performance  from  non-standard  temperature  flight  test  data. 

The  first  portion  of  the  section  will  deal  vcith  subsonic  drag  curves  and 
reduction  of  data  obtained  from  subsonic  airplanes.  The  latter  portion  of  the 
section  will  discuss  the  theory  of  data  reduction  for  transonic  airplanes, 

3. 2. 1.2  DRAG  CURVES 

The  drag  and  thrust  characteristics  of  an  airplane  at  all  altitudes  and 

speeds  will  determine  the  performance  of  an  airplane.  This  is  evident  by 

revievang  performance  equations.  The  equations  which  determine  the  performance 

have  the  terms  thrust  and  drag  included.  The  level  acceleration  equation  is 

«  ■  g  rate  of  climb  equation  is  R/C  =  (T-D)  ^t  .  it  ham 

W  V/ 
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explained  that  for  straight  and  level  flight  the  thrust  miist  equal  the  drag. 

To  better  understand  performance  of  an  airplane  we  must  know  how  the  thrust 
and  drag  changes  with  airspeed  and  altitude. 

At  subsonic  speeds  the  total  drag  is  the  sum  of  the  parasite  drag,  and  the 
induced  drag.  Subsonic  speeds  are  the  speeds  of  the  airplane  where  the  flow 
around  the  airplane  remains  subsonic  at  all  times c  The  parasite  drag  increases 
as  the  square  of  the  velooityo  It  may  be  eiqpressed  in  equation  form  as 

^  Equation  3,2.1 

^  Up  s/ 

where  Dp  -  parasite  drag 

Cn  puuasite  drag  coefficient 

V  "  density  of  the  air 

V 

t  “  true  airspeed 
S  -  Wing  area 

The  parasite  drag  coefficient  (Cq  )  is  approximately  constant  for  an 

P 

airplane  of  given  configuration  for  all  speeds  and  altitudes.  We  will  consider 
it  is  a  constant  in  this  discussion^ 

The  induced  drag  may  b;  expressed  as 

“i  s 

T/here  -  induced  drag 

-  induced  drag  coefficient 

It  has  been  proven  that  the  theoretical  value  of  induced  drag  coefficient 
will  be 


COi 


77“  AR 


\'hcre  -  lift  coeiricicnt  -  2  L 


ihc  actual  induced  drag  oi  an  airplane  iriay  be  larger  than  the  induced 
dra^  obi^ained  froir.  tiicory.  me  actual  induced  drag  oi  an  airplane  may  be 
obtained  fron  !>dnd  tvinnel  or  flight  tests.  A  correction  factor,  e,  known 
as  the  airplane  efficiency  factor  or  Osn’ald's  efficiency  factor  is  commonly 
used  to  account  for  the  difference  between  the  actual  and  theoretical  induced 
drags.  This  factor ,  e,  is  defined  as: 


e  s  theo. 
^i  actual 


^Di  theo. 
Cr) 

^i  actual 


therefore 


\  actual  . 


Cl‘ 


e  tT  ^  e 

The  value  of  c  of  an  aimlane  of  a  -iven  configuration  is  considered  to 
remain  constant  tiirou  hout  it::  s-bs-nic  meed  r-.i  .-o. 

i'oi  strai  ,ht  and  level  ilight,  the  lift  is  equal  to  the  weight  so  the 
equation  for  lift  coefficient  may  bo  written  as  C  2  V/, _  (for  strai '^ht 

^ '  rv2  s 

t 

and  level  flight). 

Therefore,  as  the  velocity  increases  the  lift  coefficient  will  decrease. 
Since  the  lift  coefficient  decreases  with  velocity, so  will  the  induced  drag 
coefficient. 


We  are  more  concerned  with  how  the  induced  drag  changes  with  airspeed. 

V:e  can  develop  an  equation  for  induced  drag  by  substituting  the  equations  for 
and  AR  v/here  appropriate. 
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Thus  Dj^ 


Di 


-n*  AR  e 


D. 


(?\2  s) 

2(K/a)^ 

rr  fV  * 


•TTb^  e 


.  f  Vt 


The  tern  ’  ^  is  called  the  dytisMic  pressure  (q)„  Thus 

D.  - 


TT*! 


(straight  and  level  flight) 


Equation  3.2.2 


It  can  be  seen  that  for  straight  and  level  flight,  the  induced  drag 
will  decrease  as  speed  increases c 

The  various  drags  wixl  change  with  speed  according  to  Figure  3.2.1. 


Drag 


Figure  3c 2,1 
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At  the  speed  for  iiiinirnum  di'an,  tiie  oorasite  dra^j  equals  the  induced 
drag*  This  is  the  speed  for  best  ondiire»ico  for  jets  and  the  best  cX^de  speed 


if  Minimum  <^lidc  anple  is  desired.  ]<ote  that  at  lower  speed  the  drag  increases 
as  the  speed  decreases. 

If  the  t’lrast  variation  with  speed  were  knovm  we  could  detcnniiM  from 
the  plot  ^the  rate  of  climb  and  acceleration  potential  at  various  speeds 
besides  the  maximum  level  flight  speed*  Ilote  that  at  any  speed  the  quantity 
(T-D)  or  or.cess  thrust  is  known  so  this  term  may  be  used  in  the  equations  for 
rate  of  climb  ind  level  accelerations.  Figure  3.2.2  presents  the  thrust 
variation  vrLth  speed  which  would  apply  for  a  turbo-jet  at  full  throttle. 


Thrust  or 
Drag 


Trie  Airspeed 


Figure  3.2.2 


h 


Note  that  the  maxiimiin  level  flinht  speed  is  the  speed  where  the 
thrust  is  equal  to  the  dragc  The  speed  for  maximun  acceleration  is  the  speed 
where  the  excess  thrust  is  a  maximun,  The  speed  for  naxinun  rate  of  climb  is 
the  speed  vrhere  the  product  of  the  excess  thrust  (T-D)  and  true  airspeed  is  a 
maximum.  Thus, the  speed  for  best  rate  of  climb  is  a  higher  speed  than  the 
speed  for  best  acceleration, 

3. 2.1. 3  VnSIGOT  EFFECTT: 

v;e  have  only  considered  the  drag  curve  for  one  weight.  We  will  obtain 
a  different  drag  curve  for  other  weights  since  the  induced  drag  depends  on 
the  weighu.  The  total  drag  curves  for  various  weights  are  shovm  in  Figure  3.2.3, 


True  Airspeed 
Figure  3.2,3 
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::ote  that  the  weicht  affects  the  drac  curves  more  at  low  speeds  than  at 
higri  speeds  I  and  that  the  nininuin  dra{j  speeds  increase  ’/ith  a  weight  increase. 
Therefore,  the  speed  for  best  endurance  and  best  glide  Tall  change  to  some 
extent  with  chan'^cs  in  weight#  If  vje  consider  the  thrust  curve  without  drag 
curves  as  shoi-m  in  figure  3«2*ii  we  vdll  sec  that  our  naximuin  speed  will  depend 
on  the  V7eight  of  the  airplane. 


Trao  Airspeed 
Figure  3.2.U 

Also,  the  excess  thrust  is  lower  at-  all  speeds  for  the  heavy  weight 
airplane  as  compared  vvdth  the  light  weight*  Therefore,  the  accelerations 
and  rate  of  climb  will  be  less  for  the  lieavy  airplane.  By  looking  at  the 
equations  for  acceleration  and  rate  of  climb  we  see  that  the  weight  of  the 
airplane  enters  in  the  denominator.  This  idll  also  reduce  the  acceleration 
and  rate  of  climb  potential  of  a  heavy  aa.rplane  as  compared  to  a  light  air 
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plane*  Therefore,  two  factors  reduce  the  acceleration  and  rate  of  climb 
perfomnnce  of  heavy  airplanes;  namely,  decrease  in  excess  thnist  and  increase 
in  weight*  The  converse  is  true  when  going  from  a  heavy  airplane  to  a  light 
airplane  such  as  when  fuel  is  consumed* 

Cruise  perfozmance  is  likewise  affected  greatly  by  changes  in  weight* 

To  review,  we  will  get  specific  range  curves  which  have  the  appearance  as 
shown  in  Figijire  3-2*^. 


Specific 

Range 


Specific  Range  vs 
One  Altitude 


Figure  3*2,5 
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1 


ilOte  that  the  best  ciniisc  speed  decreases  as  fuel  is  consumed  (or 
weight  decreases).  As  the  airplane  loses  weight  it  ;dll  tend  to  increase  in 
speed  if  the  throttle  is  not  adjusted.  Therefore,  to  remain  at  the  same  speed 
the  throttle  must  be  retarded,  and  as  the  weight  lowers  the  best  cruise  speed 
decreases  so  the  throttle  must  be  further  reduced  to  remain  at  the 
best  cruise  speed  for  the  weight  of  the  airplane.  This  reduction  in  throttle 
setting  gives  a  corresponding  reduction  in  f\iel  flow,  thus  an  increase  in 

specific  range.  jJote  that  this  discussion  assu  les  ciaiisinp  at  a  constant 
altitude. 

3,2.1.ii  ALTITUDE  EFFECT 

Changing  altitude  has  an  effect  on  both  the  drag  and  thrust  curves.  Since 
the  air  is  less  dense  at  high  altitude  than  at  low  altitudes  the  drags  will  be 
different  ^-hen  compared  at  the  sar-.e  true  airspeed.  The  parasite  drag  vail 
decrease  at  high  altitudes  at  all  airepeeds  (ref.  equation  3.2.1  for  parasite 
drag)  and  the  induced  drag  vail  increase  at  all  sps'^ds.  (ref.  equation  3,2.2 
for  induced  drag),  A  comparison  of  the  drag  curves  is  given  in  Figure  3.2.6. 


Drag 


Induced 

Drag 


Parasite 

Drag 


The  ninimun  drac  value  will  remain  the  same  for  both  high  and  low  altitudes, 
but  the  true  airspeed  for  minimiun  drag  will  be  higher  for  the  high  altitude* 

This  fact  tells  us  that  x;e  can  loiter  a  jet  for  naxiimim  endurance  equally  well 
at  all  altitudes  provided  the  engine  efficiency  doesn’t  change  with  altitude* 

In  any  case,  it  may  be  detrimental  to  waste  fuel  by  climbing  to  a  higher  altitude 
for  maximum  endurance. 

The  thrust  at  full  throttle  will  decrease  appreciably  with  increased 
altitude.  The  effects  of  altitude  on  both  thrust  and  drag  are  shown  in 
Figure  3,2.  Thrust  Ca  Drag  vs  V 

ti 

~  —  —  High  Altitude  One  Weight 


True  Airspeed 
Figure  3.2,7 
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The  maxiimim  level  speed  may  or  may  not  increase  with  altitude «  This 

performance  item  depends  on  how  much  the  thrust  will  change  with  altitude. 

Recall  that  so  far  we  are  only  discussing  fli(^t  at  subsonic  ^eeds.  There¬ 
fore,  the  ccxiclusions  regarding  the  maximum  level  flight  speeds  which  we  obtain 
from  these  curves  do  not  apply  for  transonic  airplanes  such  as  the  F-86  and 
F-100.  Generally  the  drag  curves  discussed  will  apply  for  all  airplanes  at 
subsonic  speeds  such  as  the  loiter,  climb  and  cruise  speeds. 

3. 2.1.5  TEIIPERAl'URE  EFFECT 

The  effects  of  temperature  on  the  drag  curves  have  not  been  discussed. 

The  previous  discussions  have  been  considered  vrlth  standard  tenperature  condi¬ 
tions.  A  temperature  change  at  a  constant  pressure  altitude  will  cause  a 
change  in  density  of  the  air  in  the  same  manner  as  altitude  will  cause  a 
density  change.  This  is  evident  from  the  equation  of  state.  Therefore,  a  hot 
temperature  will  affect  the  drag  curve  in  the  same  manner  as  a  higher  altitude. 
This  effect  is  shovm  in  Figi’.re  3.2.8. 


Drag 


True  Airspeed 
Figure  3.2.8 
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The  ninimum  drag  jiill  remain  the  same  just  as  it  did  in  changing  the 
altitude.  At  the  same  altitude,  a  change  in  temperature  will  change  the 
thrust  of  the  engine  at  a  constant  throttle  setting.  This  effect  is  shown  in 
Figure  3*2.9« 

Thrust  &  Drag  vs  V 
One  V/eight 


Thrust 

or 

Drag 


True  Airspeed 
Figure  3c 2*9 

For  a  subsonic  airplane  the  maximum  ^eed  will  decrease  as  the 
temperature  increases  since  the  temperature  has  more  effect  in  reducing  the 
thrust  output  than  in  decreasing  the  drag  at  a  given  true  airspeed. 
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This  effect  of  temperature  on  performance  is  one  of  the  major 
corrections  made  during  the  data  reduction  of  performance  flight  test 
results o  It  is  obvious  from  the  above  plot  that  tests  results  obtained  during 
a  non-standard  day  will  not  apply  directly  for  standard  day  conditions.  The 
maximum  level  speed,  rate  of  climb,  acceleration  and  cruise  performance  depends 
on  the  temperatui’e  of  the  air,  therefore,  the  test  data  musL  be  corrected  to 
standard  day  temperature  conditions^  The  method  of  making  these  corrections 
depends  on  the  manner  with  which  the  test  data  is  plotted.  The  drag  of  an 
airplane  may  be  determined  from  flight  tests  if  a  means  of  measuring  the 
thrust  accurately  is  provided,  since  in  stabilized  level  flight  the  thrust  is 
equal  to  the  drag.  Therefore,  we  can  determine  the  drag  curve  by  stabilizing 
the  airplane  vath  various  poi^er  settings  to  obtain  the  complete  range  of  air¬ 
speeds  desireci:  If  we  plotted  the  drag  data  against  true  airspeed  we  would 
get  a  different  curve  from  Oiie  temperature  day  to  another  so  we  esnnot 
deterrriine  the  standard  day  drag  curve  directly. 

;3.2olo6  DRAG  vs  3QUIVALENT  AIRSPEED 


By  ioo!d.ng  at  our  drag  ecu '•U on  we  -  .  that  we  can  express  it  as: 


but  q 
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eo  .. 
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since  V 
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therefore  D 


^  S 
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(V  in  ft/sec ) 
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V/e  can  apply  the  same  reasoninn  to  the  parasite  and  indaccd  drac  equations. 


Thus 

e 

Note  that  the  density  (  p  )  does  not  appear  in  either  equation  so  if  we 
plotted  drag  against  equivalent  air.rpeel  )  instead  of  true  airspeed 
vie  will  get  one  drag  curve  for  all  conditions  of  density.  Therefore^  this 
drag  curve  obtained  will  apply  for  one  weight  at  all  altitudes  and  tempera¬ 
tures.  Figure  3-2.10  shows  the  drag  .-urve  vs  for  three  gross  weights: 
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3. 2.1c 7  pa.'/HR  ilcTcUIRrl)  CURVES 

So  far  in  this  discussion  we  have  considered  the  forces  acting  on  an 
airplane^  principally  the  drag  and  thrust  forces*  Instead  of  considering 
the  forces  v;e  may  think  in  teiTis  of  power*  Power  is  the  time  rate  of  doing 
work„  If  the  force  is  not  acting  parallel  to  the  motion  of  the  object,  the 
parallel  component  of  the  force  is  used  in  defining  the  work. 

Work  _  F  X  d 
~nTt“tir;e  ‘  ~t— 

Since  d/t  is  veiocit/y,  power  may  be  expressed  as: 

Power  =7x7 

t 

The  term  horsepoi^eris  a  unit  of  power  which  is  commonly  used, 
one  Horsepower  (HP)  =  33.000  ft-lb/min  =  ^SO  ft-lb/sec*  Thus when  the 
velocity  ■’s  expressed  in  ft/sec..  horsepower  is  e:qDressed  as: 


r  X  t 


V,  in  ft /sec  c 


If  v;e  consider  thrust  as  the  force- we  have  a  power  teiTi  knoi^  as  thrust 
horsepower  dvailable  (THP. ) 


T  X  'i 


V.  in  i"-/.secc 


And  if  vje  consider  drag  as  the  force  ve  have  thrust  horsepower  required  (THP  ). 


THP  ^  D  X 


Assuming  we  know  a  drag  and  thr'ist  curve  for  an  airplane,  the  power 
required  and  pov/ev  available  curves  can  be  calculated  from  the  equations  above, 
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VJe  will,  obtain  the  same  performance  data  from  the  power  curves  as  we  will 

obtain  from  the  drag  and  thrust  curves.  The  maximum  speed  where  the  thrust 

is  equal  to  the  drag  is  the  speed  where  the  THP  equals  the  TKP  . 

a  X* 

The  use  of  the  power  curves  has  an  advantaf*e  in  determining  the  best 
climb  speed  and  rate  of  climb  .^Th^rate  of  climb  equation  is  derived  con¬ 
sidering  the  forces 

R/C 

—V — 

R/C  T  •^t  *. 

Since  T  xV^  *  THP.  x  J:)50 

H 

and  D  *  TIJPj,  x  550 

R/C  (ft/sec)  „  -  ™r)  550 

W 

and  R/C  (ft/min)  (TKP^  -  ^qq  Equation  3.2.3 

W 

The  term  THP^  -  THP^  is  called  the  excess  thrust  horsepower  and  given 
the  symbols  of  THP  or  THP,^:  Frcm  the  equation  above  it  can  be  seen  that 
the  rate  of  climb  will  be  a  maximum  at  the  speed  where  the  A  THP  is  a  maximum. 
So  the  best  climb  speed  can  be  easily  determined  from  the  power  curves  by  noting 
the  speed  vjhere  theitj  is  the  largest  difference  betvjcen  the  THPj^  and  THPj,  curves. 

Figure  3.2.11  shows  typical  cower  curve  for  a  subsonic  airplane.  The  THP^^ 
curve  is  typical  for  a  turbo-jet  engine.  Note  that  the  speed  for  minimum  drag 
is  at  a  higher  speed  than  the  speed  for  minimum  thrust  horsepower  required. 
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figure  3e2,ll 

The  speeds  less  than  the  speed  for  miniraum  THPj,  are  known  as  the  speeds 
on  the  '^back  side”  of  the  power  required  curve. 

The  thrust  horsepower  available  curve  for  a  reciprocating  engine  has  a 
different  sh^e  than  for  the  turbo-jet  engine.  At  a  given  manifold  pressure 
and  R?H  the  reciprocating  engine  delivers  the  same  brake  horsepower  (BHP)  at 
all  speeds  I  The  THP|^  delivered  by  the  engine  propeller  combination  will  vary 
with  speed  as  determined  by  the  propeller  efficiency  (V^p)  since: 
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Propeller  efficiency  nay  be  as  hifh  as  to  88/S  under  optimum  conditions 

I 

but  at ‘‘other  conditions  the  propeller  efficiency  will  vaiy.  At  high  speeds  the 
propeller  efficiency  drops  rapidly  due  to  propeller  tip  losses.  A  typical  plot 
if  THP^  for  a  reciprocating  en^ne  -  propeller  combination  is  shown  in 


Figure  3.2.12 

Since  it  is  easier  to  determine  the  BliP  of  a  reciprocating  engine  than 
the  thrust  delivered,  the  power  curves  are  used  in  flight  testing  of  propeller- 
type  aircraft.  The  3HP  nay  be  determined  from  engine  charts  or  by  the  use  of 
a  torque  meter  on  the  crank  shaft.  These  methods  are  aoplicable  to  turbo-prop 
engines  as  well  as  reciprocating  engines.  The  output  of  the  turboprop  engine 
is  termed  equivalent  shaft  horsepower.  It  should  be  noted  that  in  level 
stabilized  flight  the  THP^^  equals  the  THPj,  since  the  thrust  equals  the  drag. 


The  thrust  horsepower  required  curves  will  change  with  weight,  altitude 
and  temperature  for  the  same  reasons  that  the  drag  curves  changed*  We  will 
first  investigate  the  effects  of  altitude  and  temperature  on  the  power  required 
Curves o  We  know  that  altitude  and  temperature  have  similar  effects  on  the 
curves  since  the  change  is  due  to  a  change  in  the  density  of  the  air.  The  power 
required  curves  would  not  only  move  to  the  right  as  did  the  drag  curves  (with 
decreasing  density)  but  would  also  move  upward.  Thus, the  value  of  the  minimum 
power  required  would  increase  as  the  density  decreased. 


TI^  vs 


Figure  3c 2.13 


3-31 


In  the  case  of  the  drag  curves,  we  would  obtain  one  curve  if  we 
plotted  the  drag  vs  This  is  not  the  case  for  the  power  required  curves 
If  we  plotted  the  THP^  vs  Vg  the  low  density  curves  would  shift  to  the  left 
The  resulting  curves  are  shown  in  Figure  3.2,11^. 


One  Weight 


High  Density 


Figure  3.2ciu 


This  fact  may  be  nroved  by  the  folloTdng  derivation 


Dynamic  pressure  may  be  expressed  as: 
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t  i 

q  *  —  withV^  in  ft/sec, 
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This  equation  nay  be  expressed  interns  of  equivalent  airspeed  instead  of 
true  airsoeed  since 


\  ■  ^ 


Thus ,  TKP 


°Dp  S 


I?  8lil 


^  550  b'‘^TT^/5'''c  550  e 


From  this  equation  we  can  see  that  the  density  will  have  an  effect  on  the 

THP  curves  when  plotted  against  V^.  The  lower  the  density  the  higher  the  TUP  * 

"  r 

3.2.2  PROPELLER-AIRFP.rJE  PEPi’OPJ-l.MICE 

In  order  to  have  one  curve  represent  the  power  required  for  one  weight  at 
all  values  of  density,  we  can  modify  the  power  required  further.  If  we  multiply  both 
sides  of  the  equation  by/5^  we  will  have: 
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BUl  X 


r  GUI 

"  b^rr^e 


yg^THP  =  ^1  ^^3  ^  k2A 


where 


and  ^^2  j£_81a_ 

b2  TT  550  e 
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It  can  be  seen  that  the  parameter,  THP^,  for  an  airplane  at  a 

constant  weight  depends  on}y  on  the  equivalent  airspeed.  Thus, we  can  plot 

TIIPj,  r.3  sho^.-n  in  '-i  urc  3.^/0. 

V3^*TH^  vs 

One  VJei^rht 


Ficure  3. 2:,  15 


We  will  obtain  different  curves  for  different  weights  since  the  constant 
contains  the  lift  produced  by  the  airplane,  V/e  can  consider  lift  as  a 
variable  and  write  our  power  required  equation  in  the  following  manner: 

Kt  *^3 

r  -  T 

^  r» 

where  _  8ui 

b^TT  550  e 

To  introduce  the  weight  of  the  airplane  we  will  replace  lift  with  nV/, 

THPj,  .  ^  r?  \S^ 
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For  load  factors 
cross  veights. 


>1/0^  HP 


Ve 

Figure  3.2,16 

3. 2. 2.1  PIW-VIW  Cb'RVE 

It  is  desirable  to  be  able  to  obtain  one  curve  for  the  power  recjuired 
for  all  weights.  This  type  of  plot  would  enable  the  engineer  to  use  1  the 
flight  test  points  fron  a  level  flight  performance  test  to  determine  one  power 
required  curve.  It  is  apparent  from  the  previous  figure  that  test  points 
obtained  at  differenct  weights  would  give  much  scatter  on  a  plot  of  Vo*  THP 
vs  Vg.  Many  test  points  must  be  determined  for  each  of  the  curves  and  all  the 
points  must  be  obtained  at  the  same  airplane  weight, so  an  excessive  amount  of 
flight  time  vjould  be  required.  If  it  were  possible  to  obtain  one  curve  to  re¬ 
present  the  power  required  data  for  all  weights,  we  could  use  each  level  flight 


of  one  we  get  the  curves  on  Figure  3.2,l6  for  various 

vs  Ve 


Three  Weights 
All  Ten^ratures 
All  Altitudes 
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I 

test  point  to  ’nelp  determine  this  curve.  This  is  done  on  a  plot  called  the  PPJ-VIW  | 

curve,  V/e  will  derive  the  expression  for  the  plot  by  continuing  with 

the  previous  derivation.  It  has  been  shown  that:  ■ 

If  we  consider  n  =  1  (straight  and  level  flight)  and  divide  both  sides  of 
the  equation  by  we  obtain: 


We  can  consider  the  weight  used  above  as  the  test  weight  (W^)  of  the  air¬ 
plane*  It  is  advantageous  to  use  weight  ratios  to  obtain  power  dimensions  for 
the  PIW  scale  and  velocity  dimensions  for  the  VBV  scale.  We  vdll  introduce 
an  airplane  weight  into  the  equation,  a  v/eight  which  we  call  the  standard 
weight  (W,  ).  This  weight  may  be  any  reasonable  weif;^t  but  is  usually  taken  as 


the  vjeifht  of  the  airplane  with  a  lull  fuel  load, 

3/2 

We  can  multiply  both  sides  of  the  equation  by  Wg 
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where:  Kj  *  K.  W 
^  3  s 

V/e  now  have  the  equation  in  a  form  where  we  have  only  one  parameter  in  the 
left  hand  side  of  the  equation,  that  is  V 

e 

C't  Ky 

Thus, we  may  write  the  functional  expression; 


is  called  VIV/,  The  vs  VIV/  plot  {<ives  tne  desired  one  curve  of  power 
required  information  for  all  weights,  temperauires  and  altitudes.  The  standard 
weight  used  in  determininc  the  PIW  and  VIW  parameters  should  be  noted  on  the 
plot.  This  curve  is  shown  in  Figure  3.2.17,. 
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Pii'j  vs  /r.'/ 


V5^  TH^ 

(V^/2 

s 

(prj) 


II  -  16, XO  lb 
s 


All  VJciphts 
All  Altitud:-s 
All  Temperatures 


vn;  '^e 

TWt/T,T'i;'z 

Piriire  I,.':,!? 

From  the  PL'-'^riu''  plot,  tne  '7:iP^  C''-n  be  dcterriuned  directly  for  any 
true  airspeed  for  the  staudara  weiprht  airplane  at  sea  levex  on  a  standard  day. 
Since  the  v;eir:lit  ratio  VJtA/s  and  are  equal  to  one  for  these  conditions;  the 
plot  will  be  the  plot*  of  THPy,  vs  V;.  for  the  condition.^  mentioned  above, 
note  that  this  plot  miay  be  determined  from  level  flitTht  test  data  points  which 
arc  not  obtained  at  ohe  standard  weight  or  sea  level  standard  density^ 

VJith  the  Pr.-/“/IV/  plot  vje  c^n  deiemine  the  'I’M?,  vs  plot  for  any  weight, 
altitude  and  tctpoiature.  this  discussion  so  far  apolies  to  subsonic 

speeds  ly  rhoro  t  ic  tot'll.  '  r-a,'-  ir.  l/'c  sum  cT  Vae  parasite  arid  induced  drags. 

'■'he  de to rni- nation  of  the  'r 'P  of  a  reciorccatinr  6!".giPo-’''i ooeilor  combina¬ 
tion  '>t  vai’io’is  po’ror  sottinrs  involves  ^hc  use  en  dne  charts  or  a  torque- 
meter  plus  the  propeller  efficiency  chai’ts  for  the  '^irplane.  At  the  Test  Pilot 
School  the  propeller  efficiency  charts  are  not  used, sc  the  7IPg  of  the  power 
plant  is  not  detem-'ned  'cut  the  r5HP  delivered  is  obtained  fz’orn  the  appropriate 


I 

I 


encine  charts,  Vhe  PIV/  parameter  plotted  at  the  School  involves  BHP  instead 
of  THI^  f  so  some  small  degree  of  scatter  may  be  expected  between  neighboring 
points  on  the  PIW-VIV/  plot  if  their  test  altitudes  and  weights  differ  greatly. 

The  factors  which  determine  the  propeller  efficiency  will  be  discussed  later  in 
the  course. 

The  reasons  for  the  use  of  the  symbols,  PIV/  and  Vr.V  may  be  appreciated 
at  this  time^  ihe  equivalent  airspeed,  Vg,  was  called  indicated  airspeed  many 
years  in  the  oast.  Therefore,  v/e  have  the  ”71”  of  VUV  meaning  indicated  air¬ 
speed.  oince  the^^THP  part  of  the  PPi  parameter  is  of  the  same  form  as  V 

e 

=  this  quantity  is  called  indicated  horseoower,  ”PI”  .  The  W  in 

PB'J  and  VUl  means  weight  corrected. 

3.2. 2.3  DETER:ii:iAiIfi:  OF  DPu4G  POL/iRS 

Once  the  PI\'/-'/IV/  curve  is  determined  the  plot  of  vs  can  be  obtained^^ 

The  following  derivation  is  used  to  show  how  enters  into  the  PIW-VTW  relation¬ 
ship. 


pr.j 


THPrV^ 


pr.-; ,  D  x  ''t  Ver 


'"D  C?  '^e  ■"S  VIW 
Sto  X  2  ' 


vr.'7- 

X  2 
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*  D  .  pnv  X  1100 
(^(VIW}»  3 


Equation  3.2,5 
Equation  3,2,6 


and  Ct  _  2  V/s 

From  these  equations  and  Cj^  can  be  obtained  at  each  data  point.  The 
following  plot  can  be  made. 


Figure  3.2,18 

A  linearized  drag  polar  can  now  be  constructed  for  the  same  data  points. 


X 


m 


The  slope  of  the  line  is 

but  Cn  V  • 

i  ’  TT  AR  e  •  •  ^Ci,^ 


ACd 

AV 

1 

"TTAfe  e 


m 


This  is  due  to  the  fcict  that  the  straight  line  portion  occurs  where 


AS  .ASi  “’d  , 


_i _ 

TTAR  m 


3.2,3  JET  SNGITJE  AIRFRAME  PERFORIIAMCE 


3. 2. 3.1  DRAG  CURVES  AT  TR/IISOIJIC  SPEEDS: 

So  far  we  have  discussed  the  drag  and  power  required  characteristics  of 
an  airplane  at  subsonic  speeds  idiere  the  total  drag  is  comprised  of  the  parasite 
and  induced  drags*  At  high  Mach  numbers  (*70  to  ,90  depending  on  the  airplane 
design)  the  drag  starts  to  rise  rapidly  due  to  the  formation  of  shock  waves 
about  the  airplane.  This  additional  drag  is  called  the  compressibility  drag. 

It  is  non-existant  at  subsonic  speeds  but  occurs  at  transonic  speeds  (speeds 
where  the  local  flow  about  some  parts  of  an  airplane  is  sonic  or  supersonic). 
Since  the  local  velocity  of  the  flow  about  most  points  on  an  airplane  is 
different  from  the  free  stream  velocity,  the  local  velocity  at  some  point  can 
be  equal  to  or  greater  than  the  speed  of  sound  when  the  velocity  of  the  airplane 
is  less  than  the  speed  of  sound  (or  when  the  airplane  is  fi^dng  at  a  Mach 
number  less  than  one)*  -^-he  lowest  free  stream  Mach  No*,  where  sonic  flov/  first 
occurs  at  any  point  about  the  airplane  is  called  the  Critical  Mach  number. 
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All  speeds  below  the  critical  liach  number  are  called  subsonic  as  the  local 


velocities  about  all  points  on  the  airplane  are  subsonic  (or  less  than  sonic 
velocity)  e  At  frec-stream  speeds  just  above  the  critical  Mach  number  the  local 
flow  is  supersonic  over  some  points  on  the  airplane  and  subsonic  over  other 
pointSo  This  condition  defines  transonic  speeds  or  transonic  Mach  numbers. 

At  higher  speeds  (starting  at  about  H  =  lc2)  the  local  flow  about  most  of  the 
airplane  is  supersonic  so  the  airplane  is  considered  to  be  in  the  supersonic 
speed  regime^ 

Shock  waves  vail  form  vihenever  the  local  flow  becomes  supersonic  and  at 
transonic  soeed  the  shock  v/aves  will  induce  separation  of  the  boundary  layer 
thus  creating  a  large  increase  in  the  drage  This  drag  ( eompressiblility  drag) 
primarily  depends  on  the  free  stream  Mach  number  and  will  increase  rapidly  as 
the  transonic  speeds  are  increased  due  to  the  sti-onger  shock  waves c  At  high 
transonic  speeds  the  greater  portion  of  the  total  drag  of  the  airplane  is 
this  compressibility  drag-  Figure  3.2.20  .gives  the  drag  coefficient  due  to 
compressibility  (Cq^  )  as  compared  with  the  induced  and  pai’asito  drag  coefficients < 


Cj^  vs  M 
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3.2.3.2  V//gr  DR/iG  THEORY 


Me  may  express  lift  and  drag  in  terms  of  Mach  number  instead  of  velocity, 
Considering  the  familiar  lift  equation  we  may  easily  derive  the  desired 
relationship. 

L  =  -In  2 


Cl 


V, 


«  A 

a 

CsJ 

• 

s 

h2 

but 

a 

so 

= 

where  a  =  speed  of  sound 
2 


jm 


/.L  “  I-  Cl 

L  * 


—  1.  •*)  y  r2  t' 

.i  V  ^  ^ 


If  we  multiply  by  ^  we  obtain 

P. 


So:  L  =  jSP  C.  6  S 


and  S  *  p/p 


7  X  l.h  X  2116  Cr  S  I’f  S 


L  * 


1U81  Cj^  £  V?  S 


Equation  3. 2, 7 


The  equation  for  lift  coefficient  then  becomes: 


Cl  .  L  ^  n  H 

lh8l  S  lii8i  S  S 

If  vje  only  consider  straight  and  level  flight  the  load  factor,  n  is  unity. 

c  ,  jiZi _ 

lh8l  11^  S  Equation  3.2,8 

nov;  we  nay  write  the  functional  equation: 

Cl  =  ^  Wh  ,  H) 

which  means  that  if  the  Mach  number  and  latio  of  weight  to  pressure  ratio 
is  known,  the  lift  coefficient  is  deteriained  . 

Similarly  the  drag  equation  may  be  obtained. 

D  =  1.1.81  Cq  S  S 

D/g  --  111  81  Cjj  S 

or  ^  ^C’Q.'j 

Instead  of  considering  drag  alone,  x>’e  are  viorking  with  the  ratio  of  drag 
divided  by  the  pressure  ratio.  We  obtain  the  simole  relationship  that  drag/g 
depends  only  on  and  ilach  number. 

In  the  subsonic  theory  the  total  drag  coefficient  varies  only  v;ith  the 

2 

lift  coefficient  since  =  CL  +  Cl  and  (L  is  a  constaj.it, 

TfAR  e  p 

This  fact  allows  us  to  construct  a  drag  polar  of  a  single  curve  x^hich  will 
apply  for  all  subsonic  conditions .  V/hen  considering  transonic  speeds  the  total 
drag  coefficient  must  include  the  compressibility  drag  coefficient, so  a 


Cq  ■  f  (Cl,  h) 
since  ■  f  (M/s ,  H) 

ve  can  conclude  that 

Co  •  f  (w/s  ,  ::) 

But  from  our  drag  equation  we  obtain  the  relationship, 

D/S  -  f  (Cjj,  M) 
since:  Cp  ■  f  (W/Jr  ,  M) 

the  following  relationship  is  true: 

D/6  ■=  f  (W/5  ,  M)  EquaUon  3.2.9 

We  cannot  write  the  algebraic  equation  for  D/S  with  W/g  and  Mach 
number  as  the  only  variable  since  we  cannot  e3q>ress  the  variation  of 

with  Hach  number  by  an  equation.  The  compressibility  drag  cannot  be  derived 
but  must  be  determined  experimentally  from  wind  tunnel  tests  or  flight  tests. 
Nevertheless,  the  functional  Equation  for  D/^  is  very.jiseful  as  it  allows 
us  to  plot  D/  S  vs  Mach  number  with  curves  at  constant  values  of  W/  Sr  as  shown 
in  Figure  3.2.22 

D/g  vs  M 


Figure  3.2,22 
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These  curves  will  apply  for  all  altitudes^  temperatures  and  vel{^ts  in  the 
sane  manner  as  the  PP.-J  -  VTW  plots.  If  the  drag  data  at  a  particular  altitude 
is  desired,  the  value  of  drag  and  weights  which  apply  to  the  D/^  and  W/^ 
values  on  the  plots  can  be  determined  by  multiplying  these  parameters  by  the 
pressure  ratio,  S  9  for  the  altitude  in  question,  fhus, plots  of  drag  vs  Mach 
number  can  be  obtained  for  any  combinations  of  weights  or  altitudes. 

This  plot  is  extremely  usefbl  if  it  can  be  obtaned.  Unfortunately 
drag  is  not  easily  obtained  for  jet  aircraft.  Measurement  of  drag  is 
generally  made  by  measuring  thrust  in  stabilized  level  flight  and  equating 
it  to  the  drag.  These  measurements  require  the  use  of  ^gine  manufacturers 
data  or  tail-pipe  probes  to  measure  total  static  pressure.  Either  method 
requires  a  somewhat  involved  data  reduction  process  to  obtain  acceptable 
answers.  Therefore, an  alternative  presentation  in  terms  of  more  easily 
measured  engine  parameters  (RPM,  BGT,  pressure  ratio,  etc)  is  desired.  In 
order  to  determine  the  proper  parameters  and  their  functional  relationships 
it  is  necessary  to  resort  to  dimensional  analysis. 

3. 2. 3. 3  DimsIONAL  ANALYSIS  FOR  TURBOJET  ENGINES 

The  most  convenient  method  of  dimensional  analysis  for  the  determinaticai 
of  the  performance  parameters  is  the  Buckingham  TT  Theorem  which  will  give 
them  in  nondimensional  form.  Consider  a  simple  single  spool  jet  engine. 

The  independent  variables  which  affect  the  performance  of  a  simple  jet  engine 

r 

are  engine  speed,  M,  ambient  pressure,  P^,  exhaust  nozzle  area.  A,  and 

compressor  inlet  total  pressure  and  tenperature,  Px  and  T.  . 

^2  ^2 


The  numerical 


subscripts  refer  to  the  standard  engine  station  notation  shown  on  the  diagraa 


below. 

SINGIE  SPOOL  TURBOJET  QIGINE  WITH  AFTERBURNER 
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The  subscript  t  refers  to  total  or  stagnation  pressure  and  temperature. 

The  performance  parameters  of  interest  which  depend  on  the  above 
vailables  are  thrust,  Fg,  lUel  flow,  W^,  air  flow,  and  turbine  discharge 
temperature  EOT,  T^^,  The  functional  relationships  are  shown  in  the 

following  equations: 


THRUST:  F„ 

E 

FUEL  FLa/: 


AIR  FLOW:  W 

a 


T3IPERATURE:  T+ 


f  (K,  P  ,  A,  Pt  ,  Tt  ) 

A  <:  2 

f  (N,  P  ,  A,  Pt  ,  T.  ) 

2  2 

f  (H,  ?.  A,  P*  ,  T.  ) 
a  '^2  ^2 

f  (H.  P,.  *>  Pt  »  ft  ) 

2  *2 
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Note  that  all  of  the  dependent  variables  (F  .  W«,  W  ,  ?+  )  are  functions 

g  f  a 

of  the  sarne  five  independent  variables.  We  will  perform  the  dimensional 
analysis  on  the  thrust  relationship  to  develop  the  dimensionless  parameters. 

f  (Fg,  II,  Pg,  A,  )  -0 


Variables 

F 

6 

N 


A 


Dimensions 


Thrust,  lbs 

F 

RPM,  rad/sec 

1/t 

Inlet  Pressure,  Ib/ft^ 

F/L^ 

Inlet  Temperature^  energy  unit  mass 

iVt' 

Ambient  Pressure,  Ib/ft^ 

Yf]} 

2 

Exhaust  Noz.  Area,  Ft 

l2 

L  *  length  F  *  force  t  *  time 


Observe  that  there  are  six  variables  and  three  basic  dimensiciis.  Therefore, 
n  -  m  •  3,  indicating  that  three  dimensionless  parameters  will  be  obtained 
ond  the  relationship  will  be  of  the  form 


7T  .  f  (TT  i,7T  2,  TT 3)  .  0 

Expressing  the  original  relationship  in  exponential  form 


TT 


N**  Px  °  T+  **  P  * 

‘2  ‘2  a 


constant 


Any  one  of  the  exponents  may  be  set  equal  to  one  without  changing 
the  final  result;  however,  this  still  leaves  a  set  of  three  equations  with 
five  unknowns  when  the  exponents  of  like  units  are  equntcd« .  In  order  to 
obtain  a  solvable  set  of  equations  (3  equations  and  3  unknov.n)  we  can  set 
any  two  exponents  equal  to  zero  and  solve  forTT  1,  This  is  permissible  as 
long  as  these  same  two  variables  are  not  set  equal  to  zero  when  solving 
for  TT  2  and  TT  3 , 

Parameter  TTi 

let  a  =  1  and  e  d  ■  0 

T7 1  F„  Pt  °  -  0 

g 

substituting  the  basic  dimensions 

TT  1  =  (F)^  (l/t)*’  (F/L^)®  (L^)^ 

equating  the  exponents  of  tne  same  dimensions  and  solving 
F:l  +  c*0  c*-l 

L:-2c+2f*0  f*-l 

-  b  *  0 


therefore, substituting  into  the  expression  for 


'TTi 


rr  1 .  F^(Pt2  A) 


In  the  same  manner 77^  2  &  rr^  are  obtained. 
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Parameter  TTa 


let  b*la=0  c=0 


m 


2  =  II  T. 


d  p  ® 
>  a 


0 


^2  -  (1/t)  (F/L^f 


equating  exponents  and  solving 


F:  e  =  0 

L:  2d  -  2e  +  2f  =  0 
t:  -1  -2d  =  0  d  •  -  1/2 

f  =  e  -  d  =  -  d  =  1/2 

substituting  into  original  expression  for  rT2 
TT  2  =  N  A2  *  NA^/T^^2 

Parameter  773 

let  c=l  a»0  b*0 

IT  3  -  Pt^  Pg® 

TT’  .  (P/I.^)  (F/L^)®  (L^)^ 


equating  exponents  and  solving 

F:l+e*0  e*-l 

L:  -  2  2d  =  2e  -*•  2f  *  0 
t:-2d*0  d*0 


f  =  e*d  +  l*-l  +  0  +1*0 


substituting  into  the  original  egress  for 

-1 


TT 3  =  p  P 

t2  a 


P.  /P 
t2'  a 
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therefore^ 

TT.  f  {jr\,TTz,  TTi)  -  0 

^  (>^^2  *.  »aV/t7^.  Pt^A,) 

Note:  All  of  the  parameters  are  dlmenslonlese • 


For  a  constant  area  engine  that  is  one  without  Inlet  guide  vanes  or 
variable  exhaust  nozzle,  the  functional  relationship  may  be  written 

rr  -  f  (Fg/p  ,  n/vtt  ,  V  j?^) 


or 


■  f  (N^T^^  ,  Fixed  Geometry  Engine 


Temperatures  and  pressures  are  generally  referred  to  sea  level  in  the 
following  way* 

■  Pt  A.  5  •  T.  /T. 

V  2  *2  *SL 

Substituting 

for  P.  and  &  for  T.  gives 
2  ^2  ^2  ^2 

p^A.) 

Note  that  the  parameters  are  no  longer  dimensionless  but  they  are  still 
the  nrlnaiy  variables  which  describe  the  performance  of  a  constant  area  Jet 
engine. 


The  pressure  retLo  /?  is  expressed  in  terns  of  8  's  since 

2  • 


tha^  nothing  is  gained  by  doing  so  since  the  numerical  value  is  unchsnged* 

A  similar  analysis  of  fuel  flow  (Wf),  air  flow  (W^^),  and  turbine 
discharge  temperature  (T^^)  give  similar  functional  relationships 

f  »  V.) 

»  V.) 

Thus  far,  we  have  considered  only  the  independent  variables  (P-  ,  T  ^ 

^2  ^2 

N,  P^,  etc)  which  have  a  primaiy  effect  on  performance.  Other  factors 
such  as  viscous  effects,  combustion  efficiency,  ratio  of  specific  heats,  have 
secondaiy  effects  on  performance  particularly  at  high  altitudes  and  high  Mach 
numbers.  Engine  manufacturers  frequently  publish  correction  curves  to  be 
used  in  conjunction  with  non-dimensional  performance  curves  which  account  for 
these  secondary  effects.  Errors  which  result  by  neglecting  these  effects  at 
present  day  speeds  and  altitudes  are  minor,  and  are  within  the  accuracies  of 
flight  test  data.  However,  as  speed  and  altitude  of  future  aircraft  capabilities 
Increase,  secondary  effects  may  have  to  be  considered. 


I 

3.2.3.U  maiirE  paraisters 

Dinenslonal  analysla  of  engine  paraneters  have  shown  us  that  both 

and  P*  /P 
tg  a 

Noting  that 

■  V\  ^ 

3  5 

where  P*  /P.  -  (1  +  .2ir) 

’^o  * 

and  that  /?.  -  f  (inlet  efficiency)  ■  f  (M) 

2  "^0 

Since  Px  /P  is  a  function  of  Mach  number  we  may  replace  P^  /P 

2  ^  2  * 

* 

V&t2  *  "  (“/^ta'  ”> 

VS 

A  typical  graphical  solution  of  these  relationships  is  shown  in  the  following 


Figure  3.2.2Ua  Figure  3.2e2hb 
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Note  that  these  plots  represent  the  en^ne  performance  at  all  altitudes  ^ 
temperatures  and  Mach  numbers. 

3. 2.  3. 5  JNGINE  SPEED  PARAI-IETER 

From  earlier  discussions,  it  was  shown  that  D/g:  *  f  (W/g  ,  M)  also, 
it  was  stated  that  drag  was  not  easily  obtained.  We  now  can  show  that  jet 
aircraft  performance  can  be  expressed  in  terms  of  N/|/^  as  an  alternative  to 
D/g  «  For  stabilized  flight  D/g  ■  F/g  . 

D/9  *  f  (W/6  ,  M)  -  F/g  =  f  (N/a®”,  M) 

or  N/V^  «  f  (W/g  ,  H)  Equation  3.2.10 

Note;  The  subscripts  have  been  dropped  since  the  relationships  between 
pressures  and  temperatures  at  the  compressor  face  and  free  stream  are  functions 
of  Mach  nurioer  and, the ref ore,  do  not  change  the  functional  relationship  above. 

The  variables  in  this  relationship  are  easy  to  measure  and  is  as 

valid  a  parameter  as  D/g  . 

Typical  plots  of  these  two  variables  show  their  similarity 

D/s  =  f  (w/s  ,M)  •  f  (W/  8  ,  H) 

vs  M 

N//0 


M  M 


Figure  3c 2. 25a 
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Figure  3.2.25b 


Both  of  these  plots  are  valid  for  all  speeds,  altitudes  and  weichts  and 
temperatures • 

3. 2. 3. 6  RJEL  FLO/  PARAMETER 

Engine  analysis  yielded  W^/^ylg  as  a  function  of  and  Mach  number. 

Further  analysis  of  the  airplane,  that  is,  equating  heat  energy  input  as  a 
function  of  the  airplane  drag  energy  yield  the  following  fuel  flow  parameter 

Wf/ftVS"  •  f  (W/&  >  M)  Equation  3.2.11 

or  ■  f  (N/VS  i  )  Equation  3.2.12 

3«2.3.7  TORBOJET  LEVEL  PlIGIT  PERFORIIAIJCE 

VJith  the  preceeding  information,  level  flight  performance  of  jet  air¬ 
craft  may  be  presented  in  two  generalized  plots.  These  plots  are  shown 
below. 


M  N/y^ 


Figure  3.2.26A  Figure  3.2,26b 
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I 


These  plots,  though  containing  all  of  the  information  necessary  to 
describe  the  aircrafts  performance,  are  not  easily  used  in  this  form.  The 
information  has  been  so  cleverly  disguised  as  to  be  unusable  to  the  uninitiated 


pilot.  To  translate  the  data  presented  in  these  plots  to  something  that  can 
be  read  on  cockpit  instruments  ,one  need  only  determine  the  Mach  number  and  w/g 


at  which  you  are  flying  and  read  the  corresponding  value  of  and 

off  of  the  plots.  The  test  day  RPII  and  fuel  flow  may  be  obtained  by 


nultipl;ving  by 


to  eliminate  the  denominator  of  the  parameters. 


RPM 


test  day 


day  ^'^test 


Fron  and  the  cruise  performance  (epecific  range)  can  be  obtained,  where 
Specific  range  “  nautical  miles  per  pound. 

This  information  is  normally  presented  for  a  standard  day  in  the  back  of 
the  flight  manual  in  a  form  similar  to  that  shown  in  the  following  figures. 


Figure  3.2.27a  Figure  3.2.27b 
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He  vs 


EIndurance  vs  M 


Figure  3o 2,27c  Figure  3.2.27d 

Note:  These  plots  are  good  for  a  standard  day  only.  If  data  is  required 
for  other  temperature  conditons  another  set  of  plots  would  be  required, 

3.2,3c8  CONCLUSION 

The  purpose  of  this  section  was  to  show  how  basic  aerodynamic  theca:*y  can 
be  apr:.ied  to  flight  testing  when  it  is  desired  to  determine  standard  per¬ 
formance  from  test  day  results.  Also,  it  was  shown  that  jet  performance 
could  be  expressed  in  terms  of  parameters  more  easily  obtained  during  flight 
tests.  There  are  a  few  assumptions  used  which  should  be  discussed.  First,  it 
was  assumed  Lhat  the  parasite  drag  coefficient  is  a  constant  for  a  given  air¬ 
craft  configuration.  The  parasite  drag  coefficient  actually  varies  with 
Reynolds  number  but  the  changes  are  small  so  in  most  cases  this  assumption 
is  valid.  At  the  same  speed,  Reynolds  number  decreases  with  altitude  so  the 
results  obtained  at  low  altitude  are  not  absolutely  correct  at  high  altitude 
and  vise  versa  due  to  the  change  in  parasite  drag  coefficient.  Jet  engine 
performance  also  varies  with  Reynolds  number  as  well  as  combustion  efficiency 


and  the  ratio  of  specific  heats^  however,  these  effects  were  ignored. 

The  results  obtained  for  transonic  speeds  may  Apply  to  supersonic  flight 
testing  but  the  reasoning  used  to  verify  these  results  is  not  applicable  to 
supersonic  flight.  The  concept  of  induced  drag  (or  drag  due  to  lift)  as  used 
for  subsonic  flight  does  not  apply  to  supersonic  flight.  Other  new  concepts 
of  drag  at  supersonic  speeds,  such  as  wave  drag,  must  be  considered  to 
completelj'’  understand  the  drag  characteristics  of  supersonic  airplanes. 

However,  the  plots  presented  in  this  section  will  have  applicaticxis  in 
stabilized  supersonic  flight. 

3.2.U  RANGE  AND  EUDURANCE 
3.2eliel  INTRODUCTION 

The  following  derivations  of  the  Breguet  equations  are  used  to  show 
how  various  parameters  effect  the  range  and  endurance  of  an  aircraft.  The 
equations  \A11  be  separated  T-dth  respect  to  the  type  of  propulsion. 

3.2*li.2  RECIPROCATING  ENGIIffi  -  PROPELIER  COMBINATION 

The  con^jutation  of  range  and  endurance  for  a  reciprocating  VAV 

craft  can  be  sinqplified  if  the  specific  fuel  consun^jtion,  Cj,,and  the  propulsive 

^■^^^ciency, }^p,are  assumed  to  be  constant  for  the  cruising  speeds  under 
consideration. 

A.  HIDURANCB: 

The  fuel  weight  will  decrease  with  respect  to  Ume  and  is  expressed  by 
the  foUovdns  equation : 


3-» 


uhere 


dV/  “-c  P  dt 
r 

dl*7  ■  chance  of  weicht,  pounds 
dt  ■  chance  of  time,  either  rdn,  or  hrs. 
P  -  brake  horsepower  output 
Cj.  ■  specific  consumption  §  fuel 


Rearranginc  ,the  equation  becomes  dt  ■  -  dW 

c. 


Bhp  -  hr 


E  *  endurance 


now  by  rearranging  E 


/dt  -  - 

}  \ 

r 

/w 


dW 


O 
Wi 


°r  P 


<SA 


where  *  initial  gross  weight 


\-l 


^  «  V/  -  *  final  gross  weight 


For  stabilized  flight  P  x 


Substituting  for  P  in  the  endurance  equation 


}lp  dll  550  and  imiltipli^'ing  by 

c  VD 
r 


W/.f  the  equation  becomes  E  ■55o/  dl-/  V7 

(.  c_  VD  Vt 


Squatlon  3.2.13 
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For  stabilized  flight  L  =  V/  aiid  the  equation  can  now  be  rewritten  as 


E  =  Sioikp-if ! 

°r  ^  J  Wi 


dW 

FT 


3 


also 


or 


Substituting  this  value  of  V  in  the  equation 


The  constants  are  combined  and  the  final  equation  becomes: 


Equation 


Thus  it  is  seen  to  obtain  maximum  endurance  for  a  reciprocating  engine  air¬ 


craft  it  is  required J 
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is  a  maximum  value. 


c 

1.  That  the  aircraft  fly  at  a  speed  where  jX 

2.  The  specific  fuel  consumption  be  at  a  minimum. 

3.  That  the  density,  be  a  maximum,  i.e,, fly  at  the  lowest  possible 
altitude. 


li.  The  largest  possible  fuel  load  be  carried. 

In  actual  flight  the  specific  fuel  consumption  for  a  reciprocating  engine 
decreases  slightly  with  an  increase  in  altitude.  The  same  manifold  pressure 
at  a  high  altitude  will  produce  more  3HP  than  the  IIP  at  a  lower  altitude.  This 
is  due  to  decreased  back  pressure  and  increased  density  of  the  air  due  to  a 
lower  terperature.  An  altitude  compromise  must  be  made  where  !£E  is  a 


maximum. 


3.  RAIIGE: 


V/orking  with  the  time  and  distance  relationship  R  •  ^ds 
range,  substituting  dt  ■ 


dW 

^7 


in  the  eouation  R  *  -  V  f  ^  — L.  and  P  ■  D  V 

'  "r  P 

yi. 


c.. 


^  /  O 

R  ^  )\  P  I  550  dVJ  now  multiplying  by 
/  V/- 


*  V 


and  L  =  V/  the  equation  becomes 
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Expressed  in  statute  miles  and  in  Ib/BHP-hr  the  equation  becomes 


Equation  3.2,15 


Thus  it  can  be  seen  from  the  investigation  of  the  above  equation  to  obtain 
maximum  range  with  respect  to  each  parameter  that: 


lo  The  specific  fuel  consumption  be  at  a  mininrum, 

2c  The  flight  be  conducted  at  a  speed  where  L/D  or  is  a 

maximum. 

3#  The  ratio  of  be  as  large  as  possible,  i.a. ,  the  aircraft  be 

designed  so  that  the  fUel  weight  be  as  large  as  possible  in  comparison  to  the 
empty  gross  weight. 

iio  It  is  interesting  to  note  that  altitude  does  not  enter  directly 
into  the  range  equation  for  this  type  power  plant.  However,  a  decrease  in 
specific  fuel  consunptionwith  increase  in  altitude  would  increase  the  range. 
The  reason  for  this  decrease  has  been  discussed  in  the  endurance  part  of  this 
sectionc  This  is  the  primary  reason  for  a  reciprocating  engine  aircraft  to 
cruise  at  altitude. disregarding  terrain  cleai'ances  and  weather  conditions. 

Due  to  weight  limitations  and  limitations  of  the  airframe,  engine, and 
propeller  efficiency,  the  range  of  this  type  aircraft  is  definitely  limited. 

In  actual  practice, due  to  the  pilots  inability  to  fly  the  aircraft  at  the 
rcquii  ed  ratio  and  due  to  no  allowance  being  made  for  the  type  of 

mission  floi.Ti,the  operational  values  should  never  be  taken  as  greater  than 
80-85^'  of  the  theoritical  value, 

Co  ANALYSIS  'T  Ct/C^  RATIOS: 

ij  D 

Cd  ’  Cq  +  e 
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^vestlgate  first  the  endurance  equation. 


DiTlde  both  sides  by  l/C 


3/2 

L 


Cji/i  Cj^3/2 

^  ■  (5^  V  6j/arr 

The  condition  for  MaxiBun  endurJ^^KLy  be  found  by  setting  the  derivative  of 


3/2 

0  «id  solving 

_ _  0  •  (°Pp  ..  °J?/naL  a)  (3/2  -  K  %  ^Akl  ej 

Multiply  both  sides  by  +  ^L^/fTAR  e)^  we  have  +  ^L^TTAR  e)  3/2"' 

,/rTAR  e)  n 

•  ^L^/3nm  e  • 

Therefore, to  obtain  best  endurance  the  aircraft  is  required  to  fly  at  an 

anc;le  of  attack  or  a  speed  where  the  parasite  drag  is  1/3  of  the  Induced  drag. 

□ 

Investigation  of  the  range  equation  is  shov:n  below.  Divide  the 
coefficient  of  drag  equation  by  l/C,  and  it  becomes 

ll 


(2  CtAtAR  «) 


♦  CL2/TrAtS  « 

P 


The  condition  for  naximum  range  ray  be  found  by  setting  the  dc^rivative  ‘  of 
Cj/Cjj  ■  0  and  solving 


Cq  ■  Cjf/rrtRe  -  Cp 

p  ^ 

Therefore, to  obtain  maxiiinim  range  it  is  necessary  to  fly  at  in  angle  of 

attack  or  a  speed  where  Cn  ■  (L  ,  or  the  point  of  ninlnuB  drag* 

P 

Figure  3.2*281  shows  the  relationship  of  D  versus  for  a  typical 
reciprocating  engine  aircraft.  Figure  3,2.28b  shoiis  the  relationship  of 
THPj,  versus  for  the  sane  aircraft. 
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TIP  vs  r 
r  t 


hFicure  3. 2 o 28b 

The  speed  for  maxiimim  endurance  is  the  speed  ^4here  minlimun  THP^ 
occurs  or  irfiere  the  horizontal  target  touches  the  curve.  The  speed  for 
maximum  endurance  is  also  the  speed  for  the  minimum  #fuel/hr.  The  speed 
for  maximum  range  occurs  vrhere  the  tangent  to  the  curve  is  drawn  from  the 
origin.  The  maximum  range  speed  can  also  be  referred  to  as  the  speed  for 
the  maximum  ratio  of  V^/#fuel-hr. 

D,  IIEADV:i!ID  AlID  TAILWIIID  EFFECTS; 

The  thrust  horsepower  required  curve  is  drawn  in  reference  to  true 
airspeed,  ^‘'^"hen  a  steady  wind  acts  on  the  aircraft  the  shiqpe  of  the  curve 
is  not  changed, but  the  true  airspeed  is  no  longer  equal  to  the  ground  speed* 
The  endurance  remains  the  same  but  the  range  is  effected. 

The  velocity  for  maximum  range  mth  a  headwind  or  tailwind  may  be 
determined  by  locating  new  origins  on  the  abscissa.  These  origins  are 
displaced  from  the  first  origin  by  the  amount  of  either  the  headwind  or 
tailwind  component.  Tangents  are  drawn  from  these  new  origins  to  the  same 
curve  and  the  speed  for  maximum  range  determined,  reference  Figure  3. 2. 29. 
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The  figure  indicates,  in  order  to  obtain  maxiimiro  range  in  a  headwind 
the  true  airspeed  should  be  increased  slightly  and  decreased  slightly  in 
case  of  encountering  a  tailwind.  In  both  cases  .the  amount  of  true  airspeed 
changed  will  be  less  than  the  wind  con^onent  encountered. 


OT  vs 
r  t 


Headwind 

Vv/tR  No  Wind 

■ax 

VwiRj^  Tailwind 


Tailwind 


Headwind 


Figure  3,2.29 
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3,2oU.3  TURBOJET  ENGINE  POVJERED  AIRCRAFT 

The  turbojet  engine  specific  fuel  consumption,  Cj,  is  dependent  on  the 
following  parameters;  thrust  developed,  free  air  temper at’ore,  true  airspeed 
and  ambient  air  pressure.  The  units  are  lb-fuel/(lb-thrust)(hr).  The 
variation  of  the  specific  fuel  consumption  at  a  specified  altitude  and  Mach 
number  does  not  greatly  throughout  the  cruising  range  of  the  flight 

region  covered  and  is  assumed  to  be  constant  for  this  development. 

Ac  SDURAIXH 

The  weight  of  fuel  on  board  decreases  with  respect  to  time. 


In  stabilized  level  flight  T  ■  D  and  L  ■  V/ 

VJ 


E  =  r  (TJ  VJ 


L 

•  CjD 


Equation  3. 2.16 


Equation  3. 2 .17 


This  final  equation  gives  the  total  endurance  in  hours. 
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In  order  to  obt&in  naxlDiuiii  endurance  for  a  turbojet  powered  aircraft  the 
following  parameter  magnitudes  are  listed. 

1.  The  aircraft  must  fly  at  a  speed  where  L/D  or  is  a  naziKini 

2.  The  empty  gross  weight  be  as  light  as  possible  and  the  f\iel  load 
be  as  large  as  possible, 

3»  Altitude  does  not  directly  appear  as  a  factor  in  the  equation. 
However,  some  slight  decrease  in  specific  fuel  consumption  can  often  be  nmdA 
by  going  to  a  hi^er  altitude.  The  amount  of  decrease  depends  upm  the 
individual  power  plait. 

B.  RANGE 

Agsdn  using  the  time  and  distance  formulas 


R  * 


-  Vfdt 


R  -  - 


and  dt  ■  -  dW 
OjT 


In  stabilized  level  flight  L  -  W  and  T  ■  D 


V  - 


(2  W/f'^L 


# 

•  « 


R 


Now  arranging  for  R  in  nautical  miles 


Equation  3,2,18 
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Examination  of  this  equation  gives  the  following  conclusions  in  obtaining 
maximum  range  • 

1,  The  aircraft  should  be  flown  at  a  speed  corresponding  to 

1/2 

(C  '  However,  this  could  be  a  speed  where  drag  divergence  due " 

to  critical  Mach  occurs*  Both  aspects  of  this  should  be  investigated  prior 
to  setting  up  the  cruise  speed*  In  actual  practice  a  Mach  number  is  picked 
corresponding  to  a  W/gr  and  this  Mach  number  held  constant, 

2t  The  range  will  increase  with  decreasing  density,  or  increasing 
altitude.  However,  an  altitude  limit  can  be  reached  where  the  range  will  be 
decreased  or  the  aircraft  ii  flying  above  its  optimum  altitude  for  a  given 
weight,  This  is  in  essence  flying  at  too  high  a  ,  Some  aircraft 

can  be  limited  from  reaching  their  optimum  altitude  by  having  the  cruise 
speed  approaching  the  one  "g'*  stall  or  stall  warning  buffet.  In  other  cases 
they  are  thrust  limited  and  cannot  reach  the  optimum  V/S  • 

I4,  An  increase  of  the  ratio^V/^  -  W^j/  S  or  fuel  loading  to  wing  area 
will  increase  the  range  of  the  aircraft* 


C*  AH^J.YSIS  OF  Cl/Cq  PATIOS: 


AR  e 

The  endurance  equation  evaluation  of  to  obtain  a  maximum  value 

is  the  same  as  the  reciprocating  range  equation  evi  nation.  It  was  found  to 

occiu:  at  the  minimum  drag  point  where  Cp  ■  ,  It  must  be  remembered  for 

p  i 

jet  aircraft  we  deal  in  terms  of  thrust  and  not  thrust  horsepower. 
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The  range  equation  will  now  be  evaluated  to  find  where  the  ratio 

o  V2  /  . 

IS  a  maximum.  Substitute  the  value  of  into  the  ratio  of 

^  V2 

/^D  differentiate  with  respect  to  Set  the  derivative  equal  to  0 


and  solve  to  find  the  maximum  value.  It  is  found  that  the  maximum  condition 

2 

occurs  when  C  *  3  C  ,  or  when  the  parasite  drag  is  three  times  the  induced  drag, 
■^p  L 

ff  e 


The  figure  drawn  below  is  a  graphic  solution  for  the  endurance  and  range 
of  a  turbojet  aircraft. 


Figure  3.2.30 


J 


The  solution  of  maxiraum  ranf;e  for  a  hcadvdnd  or  tailiJind  is  similar 

to  that  employed  for  a  reciprocating  engine  aircraft.  However,  the  olot  of 

thrust  or  drag  versus  7.  is  used  instead  of  T!’P  vs  V.  ,  The  endurance  is 

o  r  t 

unaffected  by  irLnd, 

3.2.I4.U  illSCEIXANEOUS: 

The  turboprop  powcrplant  has  characteristics  that  are  combinations  of  the 
reciprocating  engine  propeller  and  turbojet  powerplants.  The  rated  output  of 
the  engine  is  in  equivalent  shaft  horsepower  -  hr  which  is  the  sum  of  the 


propeller  horsepower  and  the  exhaust  thnist  of  the  engine.  The  specific  fuel 

consumption  Cm  ,  Ib-fuel/equiv  -  S-hp-lir  is  not  constant.  The  speed  to  obtain 

P 

maximum  range  is  between  those  for  the  reciprocating  engine  and  turbojet  air- 

1/2 

craft.  This  speed  is  then  between  V  at  (Cj/C)  and  (C. 
range  obtainable  is  increased  as  altitude  is  increased.  At  high  altitude 
parts  of  tae  propeller  obtain  sonic  velocity  and  result  in  a  decreased 
which  results  in  a  decrease  in  both  endurance  and  range.  Thus,  it  is  seen  that 
the  turboprop  aircraft  has  a  lowe^^^Uing  and  lower  V  j^ax  turbojet  air¬ 
craft,  The  design  of  an  efficient  supersonic  propeller  can  increase  both  of 
these  parameters. 

The  development  of  a  range  equation  for  the  ramjet  and  roclceT  pwepod— - 

aircraft  is  given  below,  A  turbojet  engine  with  an  afterburner  is  considered 
to  be  a  combination  of  a  turbojet  and  a  ramjet. 


R  ~  vy', 


dt  and  dt 


I^ultipljdng  by  W/\r/  and  L  ■  W  the  equation  becomes 


V  L  ^ 

■ 


"■(DfeHg 


Equation  3,2,19 
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Equation  3.2,19  is  applied  for  any  type  of  aircraft,  The  units  of  c  will 
be  required  to  be  changed  appropriate  to  the  type  power  plant  installed  and 
will  result  in  n  slight  modification  of  the  final  equation.  Thus  it  is  seen 


that  the  maxinun  range  is  obtained  v;here  the  product  offVjftA  is  a  maxinum. 
The  basic  investigation  of  weight  same  as  oefore. 

Below  is  a  typical  diagram  of  L/D  versus  nach  number. 

B-52 

,  707 

^^•9  DG-81  I  I 


B-70i 


T-lOO 

F.102 


B.58 


Figure  3.2.31 

It  is  seen  that  the  L/D  ratio  increases  until  drag  divergence  is 
reached  near  0.9  Hach  number.  From  0.9  it  falls  rapidly  to  1,0  and  remains 
at  a  low  value  until  Ilach  2.0.  This  explains  in  part  the  short  range  of  our 


present  day  supersonic  fighters  and  the  B-58  when  operating  in  this  region. 
New  breakthroughs  in  aerodynamics  such  as  afterbody  compression  effect  has 
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raised  the  L/D  ratio  in  the  Mach  3*0  region  to  a  value  where  it  is  feasible 
to  cruise  at  these  Mach  numbers*  Hoijever,  the  L/D  ratio  still  is  not  as  great 
as  0*8  -  0*9* 

The  use  of  honeycomb  steel  to  vjithstand  the  temperatures  and  pressures  at 
Mach  3o0  also  results  in  an  increase  in  the  ratio  of  and  viill  help 

increase  the  range* 

The  total  range  at  Mach  3*0  can  be  a  large  value  due  to  the  V  terms 
of  the  equation  j/ Lj  «  Thus,  if  L/D  is  not  as  large  as  at  II  -  0,9  the  V  term 

vri.ll  help  to  bring  the  total  range  up  to  a  reasonable  value. 
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3.3  CLIMB  PEHFOiClAI'CE 

The  climb  perfomiance  of  an  aircraft  is  proportional  to  the  excess  thrust 
horsepov/er.  This  relationship  is  found  directly  from  a  force  balance  of  the 
aircraft  in  steady  climbinf^  flif;ht. 


Horizon 


Figure  3.3.1  Force  diagram  for  an  aircraft  in  steady  climbing  flight 

-  0  :  VJ  cos  ZT  -  L  *  0  Equation  3.3.1 

or  L  =  nV/  =  VJ  cos  y 

0:  F  -  D  -  V/  siny  =  0  Equation  3.3.2 

multiplying  by  V 

FV^-  DV^.  -  W  V^sin^ 

but  V+sin  Y  is  the  vertical  velocity  or  rate  of  climb,  dh/dt. 

Solving  ve  get 

V^Giny  ,  ^  «  (F  -  D)  Equation  3.3.3 

dt  VI 
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or  in  terms  of  thrust  horsepower 

~  -  Tgr  33000  equation  3.3.U 

dt  Vi 

l-Jhile  the  basic  climb  performance  equation  is  siiiq)le  in  principle  there 
are  many  factors  which  can  occur  under  test  conditions  which  significantly 
effect  the  performance  and  therefore,  must  be  taken  into  account.  The  most  ^ 
important  of  these  is  the  temperature;  others  are  wind  gradients,  acceleration 
along  the  flight  path  and  weight.  It  is  the  purpose  of  this  section  to  discuss 

each  of  the  above  effects  and  provide  the  theory  for  iialdng  suitable  corrections 
for  flight  test  data. 

3.3a  TliJ  IPEFL\TU  RE  EFFECTS 

Variation  in  temperature  causes  differences  in  climb  performance  in  three: 

■o'  _ 

different  ways. 

1*  Pressure  altitude  to  tapeline  altitude  conversion;  The  pressure 
altitude  read  on  the  cockpit  instruments  reads  the  true  tapeline  altitude 
only  on  a  standard  day  because  temperature  effects  the  pressure  through  the 
equation  of  state;  P»  pgRT,  Thus,  a  conversion  is  required  for  this  effect. 

2c  Effects  on  true  speed:  ■  k  since  the  true  speed  varies  as  the 

square  root  of  the  temperature  and  is  multiplied  by  the  drag  and  thrust  to 
obt^^wrcess  thrust  horsepoT*7er  a  correction  to  the  true  speed  portion  of  the 
thrust  horsepower  is  required. 

3.  i:.ffects  on  thrust  or  horsepower  available:  Since  P^IT  the  effect 
of  increased  temperature  is  to  decrease  the  amount  of  air  which  is  to  be 

engine  r'dsulting  in  decreased  thrust  and  power  available  at 
any  giver  altitude.  This  then  is  the  third  correction  that  must  be  considered. 


3.3.1a  PRESSURE  ALTITUDE  TO  TAPEUTJE  ALTITUDE  CONVERSION 


For  flight  test  we  use  a  pressure  altitude  system,  that  is,  the 
*^^**^^  senses  a  pressure  and  converts  it  to  a  standard  pressure  altitude. 
So  regardless  of  whether  test  or  standard  conditions  are  encountered 

P  p 

test  *  ^standard 

and  the  altimeter  will  read  the  same  under  both  conditions.  Note,  however, 
that  the  indicator  reads  tape  line  altitude  only  on  a  standard  day,  h  ■  He. 


P 


Figure  3.3.2a  Tapeline  ilUtude  to  Pressure 

Relation 
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Jfll 


Also,  note  from  Figure  3.3.2e  that 
for  a  hot  day  the  change  in 
tapeline  altitude  is  greater  for  a  Hg 

given  than  for  standard  (or 

* 

colder)  day. 

Tiaa 

Figure  3.3.2b  Apparent  ii/C  on  Test  Day 
From  this  it  is  seen  that  the  apparent  rate  of  cliwb,  dHc  ,iiiay  be 

considerably  different  from  the  tape  line  rate  uhich  would  be  obtained 
on  a  standard  day,  Kemember  that  apparent  rate  of  climb  equals  the  tape- 
line  rate  of  climb  only  on  a  standard  day.  Figure  3.3.2b,  Ve  wish  to  find 

some  means  of  correcting  ^parent  rate  of  climb  to  tapeline  rate  of  clirtb. 
Derivation 

Using  the  gas  law,  P  ,  gRT  ,  we  develop  a  few  sinple  relationships. 
Subscripts  t  and  s  refer  to  test  and  standard  conditions* 

h 

.  g  ST^ 

e  RT. 

Ps 

but  ■  Pg  for  the  pressure  altitude  system,  so 

es  ,  '^t 

For  a  given  change  in  pressure  (AP)  the  indicated  or  ^parent  change 

in  altitude  is 

(•s  e 
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The  change  in  tapeline  or  actual  change  in  altitude  for  the  sane  Ap  is 


Ah  .  Ap 

Rewriting  these  two  equations  and  equating  A  P  *s 


A  P  -  A  He  g 

-Ah 

or 

A  h  .  ft 

A  ft 

■  ’f; 

writing  this  in  terms  of  rates  of  climb 


^  /  dHc  . 
dt  /  dt 


dh  .  ^t  dHc  .  [Tapeline  or  standard  day 

dt  T  *  di  — j  R/C  at  test  day  V*  aid 

|TH>a 

Equation  3. 3*5 

This  says  that  the  tapeline  rate  of  clinA)  is  equal  to  the  product  of  the 
ratio  of  the  test  to  standard  temperatures  and  the  apparent  rate  of  cliii}* 
Note  that  this  is  the  standard  day  rate  of  climb  since  dh/dt  ■  dHe/dt  on  a 
standard  day, 

3,3.2b  T^IPHIATURE  CORRECTION  TO  and  TI^ 

Since  the  effects  of  temperature  on  true  speed  and  engine  output  are  not 
immediately  separable  they  will  both  be  considered  in  this  section.  It  is 
our  ultimate  objective  to  obtain  a  correction  equation  of  the  form 
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I 

where  R/Ct 

corrects  for  the  thrust  variation. 

First  let  us  recall  the  variation  of  and  TI^  with  tenperature  by 
referring  to  Figure  3.3.3 

—  Standard  Day 
Hot  Day 


Figure  3.3.3a  Figure  3.3.3b 

Thrust  Horsepower  Available  and  Required  Curves 

The  two  reasons  why  R/C  changes  with  temperature  are  1  )  TI%  changes 
due  to  and  thrust  variations  and  2.)  TIPp  changes  due  to  changes  in 
only  since  drag  is  unaffected  by  temperature  variation.  This  fact  may  be 
seen  from  the  curve  of  Figure  3.3.U  which  is  good  for  all  temperatures. 


D; 


T. 

Figure  3.3.U  Drag  Versus  Equivalent  Airspeed 


corrects  for  V.  variation  with  temperature  and  AR/C 
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Thus  it  is  seen  that  for  any  given  equivalent  airspeed  that  D  •  D  , 

®  t 

From  the  definition  of  TIPj.  the  following  equation  can  be  obtained 


Since  *  K  M  ^  this  equation  can  be  reduced  to 


Bluation  3»3«6 


Using  a  similar  analysis  for  TIPn 


so  that 


Equation  3.3.7 


and  cannot  be  eliminated, as  previously  done,for  drag  since  temperature 


effects  the  thrust  or  power  output  of  the  engine. 

TIP  into  the  performance  equation  3.3.U 
^8 


Substituting  the  TR  and 

8 
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R/Cg  .  1^*3  -  33000  - 

Iquation  3«3«8 

This  is  a  good  correction  equation  but  it  is  not  in  usable  form  since  we 
may  not  know  the  test  and  standard  thrust.  V/e  will  nov;  set  out  to  simplify 
this  equation  into  a  more  useable  form  for  both  jet  and  propeller  type 
propulsion  systems . 

To  simplify  the  above  equation  let 


AF  =  F  -  F. 


so  that 
F 

s 


^t  ♦  Af 


-  1  + 


substituting  this  in  Equation  3 •3*8  we  obtain 

THPi 


R/c,  .  (i  *  ^ 

this  may  be  rev/ritten  in  the  follov;ing  form 


R/C, 


THP  THP. 

H  - 


r,;  3^  ^ 

fTt  F^' 


) 


v; 


Note  that  the  first  term  is  R/C 


33000 
aquation  3.3.9 

and  the  second  terra  is  the  thrust 


correction  and  is  termed  A  R/C^^.  The  thrust  correction  in  this  form  is  in¬ 
convenient  to  use  on  aircraft  for  either  jet  or  reciprocating  engine  air¬ 
craft  because  it  involves  both  TIP  and  thrust.  Let  us  first  develop  an 
equation  for  A  R/C^  which  is  conveniently  used  for  propeller  type  power 
plants  (reciprocating  and  turboprop). 


A  R/C, 


33000 


Sijuatim  3.3.10 
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since 


substituting 


33000  BliutUon  3.3.U 

The  complete  temperature"  correction  equation  is: 


Sjuation  3* 3*12 


The  reciprocating  or  turboprop  power  plant  output,  Tff  and  KP  ,  are 

•s 

obtained  from  calibrated  engine  charts  and/or  torque  meters*  The  TIP  and 


TIP  are  obtained  from  the  propeller  efficiency 

*t 

I  % 

If  the  propeller  efficiency  is  the  same  on  test  and  standard 
can  be  written 


day  equation  3* 3 .11 


X  33000 

W 


Equation  3«3*13 
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A  conyenient  form  of  the  thrust  correction  is  obtained  for  jet  aircraft 


by  the  following  procedure. 


Ar/c, 


f  TIP  a  F  \ 

[  •t'VT; 


33000 

w 


A  (^8  -  *'t)  33000 

“553 — 'VT;^  Ft  — W~ 


substituting 


'’T 

H 


Ar/c. 


±  * 


t  _ ^ 

555 - 7^^ 


i 


's  - 


TT 


33000 


AR/Ci 


V. 

60  ^3 
W 


where  is  in  ft/sec 

or  when  Vt  is  in  knots 
6  ^ 

A  R/C.  „  101,3  *3 


E^quation  3.3.10 


Equation  38  3*lii 


The  correction  for  jets  is  then 


R/C_  .  R/C. 


VI  • 


101.3 

W 


{h  -  ^t) 


Equation  3.3.15 


The  term  A  R/C^  for  a  turbojet  aircraft  can  also  be  expressed  in  terms 
of  Mach  number 

A  R/C,  _  101.3  i^a  -  *'0 
^  - H - 


A  R/C.  101.3  M  /yygfiTa  (^'s  -  ^t)  w  /  M  / 

w  A  P  Mf  I 

\  a/  \  0/ 


AH/C,  =  101.3  X  38.92  I!  Af 

^  W  <&  Pq  ^ 

since  *  29.92  "Hg 

A®/°1  101.3  X  38.92  M  Pa 

AP/&  ■  29.92  W 

^H/C]^  -  131.9  M  V  ^a  Bouation  3.3.16 

AP/fe 


This  parameter  can  be  computed  and  is  found  in  Charts  A-72  to  A-76  of  the 
Pilots  Handbook  for  Performance  Flight  Testing. 

The  value  of  ^R/Cj|^  can  then  be  found  the  below  relationship 

Ar/c,  =  A’*/'°i 
■  A^  * 


The  final  form  of  temperature  correction  equation  is  obtained  by 
substituting  equation  (3* 3.5)  previously  obtained  into  the  general  form 
of  the  R/C  equation,  Th’ ^  gives 


V  A  R/Ci 


Equation  3.3«17 


*  AR/Cj^ 

where  the  AR/C,  equation  used  depends  on  the  power  plant. equation  3.3.11  or 
3.3.11. 


Frequently  it  is  desirable  to  take  into  account  other  variables  which 
affect  climb  poriormatice.  These  variables  are  weight,  vertical  wind  gradients, 
and  climb  path  acceleration. 
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3.3.2  VHillGHT  EFFECTS  AITO  CORRECTIONS 

Weight  directly  effects  the  climb  performance  of  an  aircraft.  Increased 
weight  not  only  increases  the  work  required  to  raise  an  aircraft  to  a  given 
altitude  but  also  it  increases  the  induced  drag.  Hence,  there  are  two 
separate  weight  corrections  to  be  made  to  the  climb  oerformance.  Weight 
corrections  are  normally  kept  to  a  minimum  or  eliminated  completely  in 
flight  test  by  proper  flight  planning,  that  is,  the  climb  test  being  made 
immediately  after  takeoff  where  the  engine  start  weight  is  the  same  in  every 
case.  Even  though  the  initial  weights  were  the  same, variation  will  occur 
as  the  aircraft  goes  to  altitude  since  nonstandard  temperatures  change  the 
fuel  flew  and , therefore , change  the  weight  slightly.  This  amount  may  be 
quite  significant  for  small  jet  type  aircraft  with  high  fbel  flows  as  are 
encountered  vdth  afterburner  operating,,  since  a  weight  change  may  represent 
a  large  oercentage  of  the  total  weight  of  the  vehicle. 

To  set  up  an  analytical  expression  with  which  to  make  weight  corrections 
it  is  necessary  to  make  a  few  assumptions.  These  are  that  the  atmospheric, 
velocity  and  power  conditions  are  the  same  for  both  test  and  standard  weights. 

For  this  reason, weight  corrections  are  applied  to  standard  day  climb  data 
(i.e,,  wei{^t  corrections  should  be  made  last,  after  teirQ)erature,  wind  gradients, 

I 

acceleration,  etc,  corrections  have  been  made).  It  should  also  be  noted  that 
the  following  derivation  does  not  take  into  account  the  effects  of  trmisonic 
drag  changes  with  lift  (or  angle  of  attack).  Corrections  of  this  sort  would 
have  to  be  evaluated  for  each  particular  aircraft  if  their  climb  schedule 
requires  climbing  at  speeds  greater  than  the  drag  rise  or  drag  divergence 
Mach  number.  In  the  supersonic  speed  regime  (li>l,3)  corrections  may  be' 
approximated  by  linearized  theory,  V/hen  the  weight  correction  is  small,  as  it 
usually  is,  this  correction  is  not  normally  considered. 
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BLANK  PAGE 


Firat,  let  us  consider  the  subsonic  incompressible  relations  and  defer 
transonic  and  supersonic  considerations  until  later.  In  either  case  the  basic 
climb  equation  is 


Corrected  for  standard 
temperature  and  test  weight 


T  =.  ^  R/Cg  +  D 
differenta.ating  with  respect  to  weight 

^  ..  Wt  d  (^/^s)  ^/^s  dD 

dW  "  7"'  *7  *  3^ 


The  assumption  is  made  that  the  thrust  available  is  unaffected  by  weight 

and  its  associated  angle  of  attack  change,  dt  »  r> 

dW 


d  (R/Cs) 
dl-l 


AR/c 


weight 


where  dVf  •  Wg  -  and  W  =  test  weights 


Bquation  3.3.18 


Note  that  the  term  in  brackets  shores  that  there  are  really  two  wel^t 
corrections  as  previously  mentioned.  The  first  term  represents  the  adiitional 
increment  of  inertia  requiring  power  to  raise  the  aircraft  to  a  given 
altitude.  The  second  term  is  the  additional  power  required  to  overcome  the 


increment  of  drag;  more  specifically,  induced  drag  which  is  caused  by  an  increase  in 
wei^t,  °Since  the  aircraft  power  available  is  fixed, these  terms  represent 
a  reduction  in  performance  and,  therefore  .have  a  negative  sign.  Each  correction 
will  be  considered  separately. 
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3.3.2a  INDUCED  'OBAG  CORRECmON 


C  CL  C  2  ^ 

D  «  q  S  +  Cd.  q  S  -  u  q  S  ♦  L  q  S 
P  -•  P  TTARa 

substituting 

""P  TfART(qS) 


Parasite  drag  is  not  effected  by  weight  change, therefore, the  change  in 


drag  due  to  weight  change  is 


.000675  A  /  (MW)^\ 
TTb  2  eM^  \  S  / 


V_v\ 

/ 


ESquation  3.3*19 


Multiplying  the  ri^t  side  by  and  Pq/^o  simplyftng  the  equation 

becoiaes 

(N^W^  C  n2w 

t  \  bs  ^s 

Substituting  this  value  into  the  second  term  of  equation  3.3.18  the  induced 
drag  correction  becomes 

AR/C3  .  dD 

vxhere  is  in  feet  per  second  and  subtracting 

\  -  38.98  mfTg  X  101.33  ft/nin 
s 


£q;uAtion  3.3.20 


3.3.2b  IICRTIA  CO:i:ia:TION 

Examination  of  the  first  term  of  equation  3.3.18  fjives 
AR/C«  .  ii/C  dv;t 

Ar/C  -  ^  Aw  tquatioo  3.3.21 

^  dt 

where  A  W  ■  VL  -  W 

^  8 

The  two  weight  correctiona  are  now  added  to  equation  3.3.17  and  the 
equation  for  the  standard  rate  of  climb  now  becomes 

^  AR/Cj^  ^  AR/Og  +A1VC3 

Equation  3.3.22 


IJOTE:  If  vdnd  gradient  or  acceleration  corrections  are  to  be  made, these 
would  ordinarily  be  included  in  the  standard  rate  of  climb  used  for^R/Cg 
computation , 


3.3.3  ACCELERATION  DURUTG  CLIMB 

If  an  aircraft  not  only  climbs  but  accelerates  ^the  performance  picture 


Figure  3.3.5 


Writing  the  force  equ&tion  ae  before  gives 


T-D-W8in2f«S  » 

s 

■oltipl^dng  by  V^as  before 
Lwj(Tt8in  V)  .  (T  -  D)  V^.  I 

or  R/Co  .  (T  -  D)  Vk  .  Vt  ® 

^  g  at 

R/Cj.  ,  R/C  ^  <W  Equation  3.3.23 

*  g  at 

where 


R/C  «  rate  of  climb  with  no  acceleration 


R/Ca  •  rate  of  climb  with  acceleration 

This  indicates  that  as  the  aircraft  accelerates  while  climbing  it  does  not 
achieve  its  maximum  rate  of  clinib  since  some  of  the  thrust  produced  by  the 
power  plant  is  being  used  to  accelerate  the  aircraft. 

For  comparison  purposes  and  for  determination  of  cliad}  schedules  it  is 
generally  desired  to  corx'ect  the  accelerated  rate  of  climb  such  as  is  obtained 
at  constant  indicated  aix’speed  or  I-Iach  number  to  zero  acceleration.  This  is 
done  by  algebraicly  manipulating  equation  3.3.23  to  a  more  convenient  form 

R/C  •  R/C, 

*  g  dt 

R/C  •  R/C.  ^  <W  dh 

•  *  t  3E  35 
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where 


^  «  R/Ca 
dt 


R/C  *  R/C^ 


V. 

g 


Equation  3«3«2Ua 


The  term  in  brackets  is  called  the  acceleration  factor  and  is  determined  once 
the  true  speed  and  the  change  in  true  speed  with  altitude  are  determined  for 
the  particular  altitude  being  considered.  An  incremental  correction 
is  obtained  by  using  only  the  second  term  of  the  acceleration  factor.  That  is 


AR/Ca  -fidjIlR/Ca 

Jl 


Equation  3*3.2Ub 


Some  more  expanded  forms  of  these  equations  and  some  charts  for  simpli¬ 
fied  computaticii  are  found  in  AFTR  No  6273>  Flight  Test  Ehgineering  Manual. 
3.3.U  mVICAL  WH®  GRADIFUTS 

Wind  velocities  vary  significantly  with  altitude  because  of  Jet  stremns 
and  other  meteorol<>g:L' al  phenomena.  A  vertical  wind  gradient  is  defined  as 
the  change  in  the  hori?5ontal  wind  velocity,  with  altitude. 


Wind  gradient 


'IT 


The  wind  gradient  is  positive  if  the  wind  velocity  increases  with  altitude. 
As  a  matter  of  cx^nvention  a  headwind  is  taken  as  positive  and  a  tailwind  is 
negative. 

Climbing  through  a  vertical  wind  gradient  has  a  very  significant  effect 
on  the  perform<'ince  of  an  aircraft.  Consider  an  aircraft  climbing  into  a 


positive  wind  f^radient  at  a  given  indicated  speed.  Figure  3.3.6a.  Under 
zero  or  steady  wind  conditions  the  aircraft  would  follow  the  flight  path 
indicated  by  the  dotted  line.  However,  when  flying  along  this  path  into 
a  vertical  viind  gradient,  as  shovm,  the  aircraft  appears  to  accelerate; 
that  is,  the  indicated  speed  increases.  Since  the  pilot  is  flying  a 
clinb  schedule,  (either  airspeed  or  Mach  number)  he  will  convert  the 
apparent  acceleration  into  increased  rate  of  climb  and  follow  some  steeper 
flight  path  indicated  by  the  solid  line..  Thus,  an  aircraft  flying  into  a 
positive  wind  gradient  accelerates  relative  to  the  air  mass.  This  accele¬ 
ration  can  be  and  is  converted  to  climb  performance  vath  the  indicated  climb 
speed  is  held  constant. 

V/hen  the  v;ind  '’radient  or  the  direction  of  flight  relative  to  the  wind 
gradient  changes,  the  overall  effect  on  the  climb  performance  changes.  All 
possible  effects  of  >and  gradients  on  flight  path  and  rate  of  climb  are 
qualitiatively  summarized  in  Figure  3.3.6. 
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Distancf 

a)  Increasing  headwind  results  in 
higher  rate  of  climb  than  with 
no  wind 


Distance 

b)  To' reasing  tailwind  results  in 
lower  rate  of  climb  than  with 
no  wind 


c)  Decreasing  headwind  results  in 
lower  rate  of  climb  than  v/ith  no 
wind 


d)  Decreasing  tailwind  results  in 
higher  rate  of  climb  than  with 
no  wind 


Figure  3.3o6 

Note  in  each  case  where  the  climb  path  steepens  the  aircraft  is  essentially 
tending  to  accelerate  due  to  the  changing  wind  velocity  with  altitude.  This 


Acctltratioii  tendtnej  it  eonrtrted  to  rttt  of  cliM>  by  pilot  rttetion  in  Mdn* 
tmining  clinb  schtdtile. 

Bteaott  flight  ttot  data  mamt  ba  praamted  for  standard  saro  Hind  eooditiona 
it  it  naeattazy  to  account  for  tha  affects  of  idnd  gardiants  and  naka  appropriata 
corractions*  Since  flying  through  a  wind  gradient  it  aaaantiallj  m  secalaration 
oradacelaration^  tha  uind  gradient  correction  can  ba  handled  in  tha  asM  way 
at  tha  accalaration  correction  aaccapt  that  the  sign  of  tha  second  tarn  of 
aquation  3.3.2U  ■oat  ba  chcigad. 

Accalaration  Correction 

R/C  •  R/C.  ♦  it  «  R/C 

g  X  *  Equation  3a3<2U 


Wind  Gndiont  Cotraetion 


VC  „  B/C 


*  * 


ahara  R/C  it  the  rata  of  clinb  without  a  wind  gradient 


R/C^  it  tha  rata  of  cliid)  witli^^iind  gradimt 

d^w  it  tha  wind  gradient 

dh 

^  -  This  aquation  ia  arriTad  at  f ron  tha  fact  that  tha  wind  gradient  produeaa 
a  change  in  the  true  speed  with  respect  to  tha  ground  or  air  mss  which  results 
in  a  chains  in  kinetic  energy.  If  tha  alrapaad  ia  held  constant  tha  ch«iga  in 
energy  nust  appear  as  potential  energy.  Since  the  total  energy  of  tha  air¬ 
craft  renaina  oonstmt  at  any  giran  instant 


Differentiating  with  reapect  to  tine 


*  w  -  0  BijiMiUon  3.3.25 

\^K  8  nn 


An  aircraft  traversing  a  vertical  vind  gradient  idll  undergo  an  acceleration 
or  deceleration  which  is  given  by 


w 

This  value  of  d  w  is  substituted  into  equation  3*  3*25  in  order  to  convert  the 
acceleration^  into  m  equivalent  rate  of  eliid>  increnent 


Equation  3* 3. 26a 


obtained  form  equation  3*  3. 17*  The  unaccelerated  rate  of 
cliad)  can  be  written  as 


R/C  -  R/G^  ♦  AR/C 


dh 

3K 


/dh\ 

Wi 


e 


Equation  3.3«26b 


Note  the  similarity  between  this  and  the  acceleration  equation  3«3«2l|« 


lyustion  3.3«26a  nd  b  ar«  tuo  foras  of  tbe  correction  equation  for 
Tartlcal  wind  gradient#.  Thej  should  be  aodifled  slightly  end  explained  in 
order  to  arold  alsintsrpretation.  Bquation  3.3.26a  gives  the  incrsaent  which 
■ust  be  added  to  the  rate  of  cliab  corrected  for  tenq>erature  effects^ 
equation  3.3.17.  This  equation  should  be  rewritten  as 


A  R  /C. 


Equation  3.3.27 


where  K  is  plus  1.0  for  a  headwind  and  minus  1.0  for  a  tailwind  d^  is 

’  ^ 

positive  for  increasing  wind  velocity  with  altitude  and  negative  for  decreasing 
wind  with  increasing  altitude 


no  Mind  ” 


A  R/C-.  ^  A  R/P. 


Equation  3.3.28a 


Equation  3.3.26b  should  likewise  be  rewritten  to  avoid  misinterpretation 


[wMr;  '  'TAanJ 


Equation  3.3.28b 


where  the  signs  convention  of  dYw  and  K  are  the  saiae  as  before. 

It  is  noted  that  the  horizontal  wind  gradient  due  to  updrafts  «id  down* 
drafts  has  been  ignored.  Such  weather  phenomena  is  extremely  difficult  to 
measure  «xl  presents  a  problem  only  in  lyoal  areas  such  as  a  thunderstorm  or 
near  mountain  ranges.  With  little  care  these  areas  can  generally  be  avoided. 
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3.3.5  FINAL  CORRECTION  EQUATION 


The  order  in  which  clinib  corrections  are  made  is  important.  If  of 
the  foremen tioned  corrections  are  to  be  made  the  final  equation  Is 

A  R/Ci  ♦  A ♦  AR/C^  ♦  AR/Cj  ♦AR/Cj 

0 

Equation  3.3.29 

3.U  DESCETT  PERFORMANCE 

Descmt  performance  is  analized  in  the  sane  manner  as  clinb  performance. 
As  a  matter  of ^f act  the  perfomunce  equations  dexlved  for  cUiirt)S  under 
accelerated  and  unaccelerated  flight  conditions  (equation  3.3.3  md  3.3.23) 
apply  equally  well  to  descents  since  a  negative  rate  of  Ib  obvioissly 

rate  of  descent. 

Uhaccelerated: 


R  3  •»  -  R/C 


(T  .  D)  V- 

- 


Accelerated: 


BquaUoxi  3.3.3 


-  -R/C.  «  (T-  -  P)  Vt  1'.^  Equation  3.3.23 

*  w  g  at 

In  order  for  an  aircraft  to  descend^  the  thrust,  T^  must  be  less  thm  the 
drag.  Generally  the  thrust  is  very  nearly  zero  in  which  case  the  above 
equations  can  be  modified  to  the  folloirlng  form 
Unaccelerated  i; 

^  ®  Equation  3.U.ls 

Accelerated: 

mAi  *s  P  .  Vh  dV 

R/D.-  ♦  —“ar 


Bq[a.tioii  3.U.lb 


Froa  this  ve  see  that  descent  performance  is  a  function  of  thrust,  drag^ 
speed  and  ifelght. 

1«  Thrust:  Increasing  the  thrust  decreases  the  rate  of  descent* 

2,  Drag:  Increasing  the  drag  increases  the  rate  of  descent  by 
decreasing  the  lift-drag  ratio.  This  is  seen  from  the  fact  that 


D 

W 


Equation  3.U.2 


3.  Speed.  The  rate  of  descent  viU.  increase  with  increased  speed* 
ht  Weights  The  effects  of  a  change  in  weight  on  rate  of  descent  is  not 
clearly  defined.  It  depends  on  whether  the  glide  angle  or  the  Indicated  speed 
is  held  constant^and  on  the  relative  change  of  the  forward  component  of  the 
weight. and  the  change  in  the  induced  drag  with  a  change  in  weight.  Thus, the 
rate  of  descent  can  increase,  decrease  or  remain  unchanged  for  an  increase  in 
gross  weight.  This  may  be  qualitatively  understood  by  examining  the  forces 
acting  during  descent 


Figure  3cU<>l 


I 


The  addition  of  weight  not  only  increases  the  forward  con5)onent  of  weighty 
W  sin  ^  ^  tut  also  it  increases  the  induced  drag.  If  the  glide  angle  ranains 
constant  the  net  chaiige  in  force , 

Af  '  Aw  siny  -  Ad 

will  cause  the  aircraft  to  accelerate  or  decelerate  and  consequMitly  increase 
or  decrease  the  rate  of  dcsc«it. 

Generali^',,  it  is  more  important  to  know  what  happens  to  the  rate  of  descent 
when  the  airspeed  is  held  constant  and  the  weight  increased*  When  the  Q>eed 
is  held  constant  the  glide  angle  is  allowed  to  change.  Here  again  as  in  the 
previous  example ^  where  the  glide  angle  remained  constant  the  rate  of  descent 
can  increase j  decrease  or  remain  the  same.  This  is  seen  from  equation  3.U.la. 

If  the  velocity  is  constant  the  rate  of  descent  depends  directly  on  the  ratio 
of  D/lif.  That  iSj  if  the  addition  of  weight  results  in  no  chaige  in  D/W 


D  „  D  ♦Ad 


constant 


there  will  be  no  change  in  the  rate  of  descent.  If  as  a  result  of  the  weight 


change 


the  rate  of  de&cent  will,  dscreas*’-  and  converf^ly  if 
D  /  D  ♦  Ad 

the  rate  of  descent  will  increase.  It  may  be  sh/r#??!  that  the  speed  for 
maxirwm  L/D  is  veiy  nearly  the  point  where  D/vV  remains  constait  for  a  change 
in  weight.  Therefore. little  change  in  rate  of  descent  should  be  expected  for 
different  weights  when  descending  at  the  glide  speed  for  maxlnuB  rmge* 


3.U«2  CORRECTIONS  FOR  TEMPERATURE,  VEIGRT,  ACCELERATION  AND  NIM)S 

Tn)erature  Correctlona  are  aide  for  the  tapeline  to  pressure  altitude 
relationship  aid  for  the  thrust  horsepouer  required.  The  correction  for 
thrust  horsepower  arailable  is  not  noruallj  required  since  descents  are 
usually  perfomed  with  idle  power  (near  zero  thrust).  The  basic  correction 
equation  3o3el7  is  sinplified  to 


R/b 


Equation  3.U.3 


Weight  correcUons,  siadlar  to  those  deriTed 

in  Section  3«3«2  for  rate  of  cliid)  except  the  sign  of  the  inertia  tera^ 

^  changed 


A  RA.  dh  Aw 


AR/b,.  25.38/»^ 


t^  Ss/S^  * 


Equation  3.U.U 


Equation  3*li.5 

Acceleration  end  wind  gradient  corrections  are  applied  in  the  sans  vsgr  and  with 
the  sane  sign  cozr^ention  as  they  are  in  Section  3o3.3  aid  3.3.14  rensidiering  of 
course  that  negative  rats  of  clinb  is  rats  CS  de^  jent. 


The  final  equation  for  the  rate  of  descant  is  now  given  in  the  following 


fom 


R/b 


dHo  i/^ 

arV  f;; 


Ar/d  ♦AR/D  ♦AR/b+AR/b, 

*  a  c  ^ 


Equation  3*U«6 


3.5  TURNING  PEWORMANCB 


3.5.1  INTRODUCTION: 


This  section  vdll  deal  with  the  turning  performance  of  an  aircraft  in 
a  steady  state  or  level  thrust  line. ted  turning  performance.  This  can  also  be 
stated  as  ''the  ability  of  an  aircraft  tc  turn  while  holding  height  and  air¬ 
speed  constant  at  a  power  setting'^  The  thrust  limited  means  that  the  air¬ 
craft  is  limited  in  speed  and  “^n**  by  thrust  available  and  not  by  aircraft 

□ 

structure.  To  state  one  example,  the  maneuver  characteristics,  dictated  hy 
performance  limitations,  will  determine  how  and  \ihere  a  fighter  should  turn 
when  attempting  a  high  altitude  intercept. 

The  turning  performance  of  an  aircraft  is  limited  aerodynamically  hy* 

(a)  Thrust  oi  power  available 

(b)  Drag  chturasieristi^s 

(d)  Contrcl.labiiity 
3.5.2  THEORY 


Some  of  the  assumplicns  which  are  nonrwJZy  made  and  accepted  in  estimating 
turbojet  turning  perfcrmnnvce  a:-^ ; 

(a)  Reyi*i0?.d5  number  effects  are  neg3i.glbj.e  buth  for  the  engine  and  air¬ 
plane. 

(b)  Effects  cf  ambient  pressure  on  the  engine  performance  are  neg¬ 
ligible  or  the  effects  of  ambient  pressure  on  the  combustion  are  disregarded. 


(c)  There  are  no  effects  due  to  varying  load  distribution,  local  velocity 
variations  and  the  like*  The  drag  coefficient  in  turning  flight  is  identical 
with  that  obtained  in  level  unaccelerated  flight  at  the  same  angle  of  attack 
and  Mach  number c 

During  a  steady  turn,  xihere  the  above  as  sanctions  hold,  there  is  a 
simple  relation  for  turning  performance 

n  '  “f  (M  ,  )  Equation  3o5.1 

By  .looking  at  the  above  relation  it  oa:*i  be  aeen  that  at  a  constant  weight, 

Mach  and  N/VS",  the  ncrmal  load  factor  is  only  a  function  of  the  pressure  ratio. 
This  states  that  a  steady  level  turn  at  one  altitude  nay  be  simply  related  to 
the  performance  at  any  other  altitar'e.  With  this  in  mind  a  simple  plot  of 
height  or  pressure  ratio  nay  be  plotted  versus  Maca»  On  this  plot  is  shown 
a  line  of  maximum  level  flight  Mach  number  for  each  height.  This  plot  may 
now  be  used  to  determine  the  steady  turning  performance  at  various  heights. 

This  is  shown  in  Figure  3* 5*1. 
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In  many  the  generalised  uata  lientioiied  above  is  not  a?wWays  obtained. 
The  only  reason,  presumably,  is  due  to  Reynolds  number  effects  on  the  effects 
of  absolute  pressure  on  the  engine  and  aircraft.  Even  with  the  errors  involved 
in  this  generalization  it  is  well  worth  the  effort  to  atteimt  to  predict  turning 
performance.  The  use  of  instead  of  N/V^  may  avoid  some  of  the 

^i^culties  since  a  large  change  of  drag  due  to  Reynolds  number  is  hard  to 
imagine , 

Consider  an  aircraft  in  straight  and  level  flight,  the  performance 
equation  may  be  written  as: 

2  \ 

^  Wt  s)  *  X  i  ®) 

Taking  the  same  aircraft  at  the  same  speed  and  height  with,  ng,  accelerometer 
readings  This  increase  in  g  forces  is  an  increase  above  level  flight  where 
n  =  1. 

(n^  -  1) 

Tr^  e 


By  comparing  to  D2  it  can  be  seen  that  an  increase  in  drag  in 

the  last  tern  of  D2,  by  increasing  n,  is  the  amount  of  additional  thrust  that 
will  be  required  to  maintain  airspeed  and  height. 

The  change  in  induced  drag  due  to  turning  (constant  weight)  is: 


^Di 


(n,5  -  n-/) 


i  '  K 


If  ARe  q  3 


Equation  },^,2 


and  the  following  is  true  considering  a  v'eight  change  during  a  change  of  g. 


Equation  3.5*3 


The  next  few  curves  are  used  to  explain  how  drag  changes  with  weight 
and  teriperature  during  maneuvering  flight.  Consider  the  first  curve  below. 


Thrust  and  Drag  vs  V... 


Figure  3.5*2 


3-lOli 


This  cur'/e  considers  one  tenperature  but  tv;o  different  weights.  There¬ 
fore,  thrust  is  one  line  and  so  i''  but  total  drag  is  different  for  each 
weight  due  to  change  of  induced  drag.  The  different  total  drag  lines  can  also  be 
considered  to  be  due  to  a  change  of  nW  as  well  as  a  change  of  weight.  From 
this  a  change  of  drag  can  be  noted  and  also  a  change  of  excess  thrust. 

To  go  further  lets  consider  the  following  curve: 


Thrust  and  Drag  vs 


e 


Figure  3.5.3 
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FLgurt  3* 5.3  shows  s  thrust  aTsllsble  curve  on  a  hot  and  cold 
also  two  drag  cux^res  for  two  different  weights^  and  W2*  The  lines  of 
constant  are  also  drawn  versus  equivalent  airspeed* 

To'  analyse  this  curve  lets  start  with  the  drag  lines^  and  and  the 

lines.  It  can  be  seen  that  to  fly  at  the  lower  wei^t^  takes  a  lower 
Cj^  than  to  fly  at  the  heavier  weight,  at  the  same  7^,  The  curve  also  shows 


that  on  a  hot  day  the  thrust  available  is  lower  than  on  a  cold  day^  therefore, 

the  naxiiRuii  C.  cbtai^Sle  is  lower*  It  is  a  proven  fact  that  D.  ■  0.  at  the 
L  ^  * 

same  7^^  therefore,  if  an  increase  in  turning  performance  is  dssired  the  eoceess 
thrust  mist  be  increased*  For  instance  in  Figure  3*  5«3>  if  we  consider  an 


Af.  V  ■  1  nr  A  hnf.  dsv.  t.hA  MAviauB  C  obtainable  ia  bit  on  a 


The  n  ■  1  line  is  the  thnist  required  or  drag  of  an  aircraft  in 
stabilized  level  flight  and  line  n  >  1  is  the  sane  aircraft  in  a  stabilized 
level  turn.  The  thrust  available  lines  are  for  a  hot  and  a  cold  day.’  This 
indicates  less  thrust  available  on  a  hot  day«  It  can  be  seen  that  as  the  load 
factor  is  inc^ased  the  excess  thrust  decreases  and  if  the  load  factor  were 
increased  enough  there  would  be  no  excess  thrust.  This  point  where  the  thrust 
available  and  thrust  required  line  are  tangent  is  the  point,  V  ,  for 

best  turning  load  factor.  This  plot  can  also  be  considered  in  terns  of  iM 
rather  than  n  alone. 

The  teii5)erature  effect  on  turning  performance  can  be  corrected  for  by 
determining  the  change  of  thrust  and  by  the  following  equations: 


.000675 
2  « 


n  W 


M 


„  .^75.  ^ 
M  S 


*quation  3.5.U 


Vftiere  Fn/^  is  determined  from  engine  charts  as  in  the  check  climb  test. 


By  using  the  aircraft  drag  polar,  C  versus  C  ,  plotted  at  constmt  Mach 

Lf  1) 


numbers,  the  standard  day  conditions  may  be  obtained.  This  is  done  by  going 
into  the  drag  polar  at  test  conditions  and  confuting  A as  in  the  equation 
above  fthen  the  standaxxl  conditions  may  be  obtained  as  indicated  below: 


Now  in  order  to  correct  to  the  following  relationship  is  used: 


W 


Figure  3, 5*6 

Before  anymore  is  said,  let*s  consider  the  forces  acting  on  an  aircraft  in 
stabilised  level  turn  of  radious  R,  Consider  Figure  3.5.6  above.  From  pities 
centrifugal  force  (C.F.)  acts  in  the  horizontal  direction  with  weight  (W)  acting 
in  the  vertical  direction.  These  forces  are  balanced  by  the  lift  (L)  as  shown. 
The  radius  of  turn  (R)  in  terns  of  speed  and  load  factor  can  be  derived  as 
follows: 
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O.r  , 


Ma 


Equation  3.5.8 


\:  7^ 
g  R 


Solving  for  the  radius  of  turn  (R) 


Equation  3.5.10 


Zquation  3*5 *11 


or  for  high  altitude  where  speed  of  sound  is  a  constant  575  knots: 


(575)  l/  .  I>.ei3 

11-3  ^^rT'(6080)  y^5T7 


N.  H.  Equation  3.5.12 


Ol 


nf\ 
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In  like  manner, the  rate  of  turn  (W)  can  be  derived: 


CO  * 


V 

R 


V  »  angular  velocity  Equation  3* 13 


CO  • 


-  rad/sec 


Equation  3«5»lU 


or  converting  to  nautical  miles,  knots  and  degrees  per  second 


6J  *  360  /  (n^  -  3.)  .0159 ’t  EquaUon  3.5.15 

- -  '  “-TT- 

This  equation  can  be  plotted  as  shown  in  Chart  A“7h  and  A“75  in  AITTC-TN-59-U6, 

Knowing  the  V  and  n,  and  going  into  these  charts,  the  radius  and  rate  of  turn 
t 

can  be  determined.  From  these  charts  it  is  obvious  that  an  aircraft  which  has 
a  different  \jeight  but  the  same  and  n  as  another  will  have  the  same  turning 
performance. 

The  data  which  is  obtained  from  turning  performance  is  normally  presented 
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3.6  SPECIFIC  2JERGY  ANALYSIS 

3.6.1  G3?ERAL: 

The  energy  analysis  of  an  aircrafts  flight  envelop  vae  initiated  by  German 
engineers  during  the  latter  part  of  V/orld  War  H.  The  introduction  of  the 
turbojet  power  plant  enabled  an  aircraft  to  obtain  values  of  kinetic  energy 
that  are  of  the  same  magnitude  as  the  value  of  the  potential  energy.  The  use 
of  an  aircrafts  total  energy  as  the  independent  variable  facilitates 
time  to  change  from  one  combination  of  speed  and  altitude  to  another.  An  air¬ 
crafts  range  capability  can  also  be  determined  by  this  analysis* 

3.6.2  INTRODUCTION: 

The  total  energy  that  an  aircraft  possesses  at  any  given  instant  is  the 
sun  of  the  potential  and  kinetic  energies* 


E 


V/  h  ♦ 


E 

W 


»  h 


Equation  3* 6,1 


Equation  3, 6, 2 


The  term  (E/W)  or  energy  per  pound  of  aircraft  weight  is  called  specific  energy 
or  energy  height.  (This  is  the  height  which  the  aircraft  could  theoretically 
attain  if  all  of  its  kinetic  energy  was  coverted  to  potential  energy.)  It  is 
often  given  the  symbol  h^  which  has  units  cf  feet. 


The  conservation  of  energy  over  a  given  interval  of  tine  can  be  used  to 
describe  the  total  energy  change  of  the  aircraft,  that  is  the  energy 

dissipated  against  aeroc^amic  drag,  the  energy  change  due  to  loss  of  weight 
and  the  energy  derived  from  the  fuel  burned. 


c 


f 


•B-Kq  dW  -DTdt  -  (S)dW 


Bqpiation  3. 6,3 


vhere 


the  orerall  •fflclciey  of  the  power  plant 


^  is  the  heat  content  of  the  Itiel  bunied  and  ia  glrwi  unite  ” 
In  thla  Inatance  of  ft-lb/lb  •  KT  la  the  Mount  of  ftiel  uaed  Md  ia 
to  the  decrease  in  gross  weight  dV. 

The  total  energy  equation  aay  be  written  as 


rr 


E  -  Wh  + 


By  differentiation  of  the  left 


side^  this  equation  becomes 


This  rslatlonahlp  ia  ralld  since  df  ■  •  d  W*  This  ralue  of  dE  ia  aubatltuted 
^nto  equation  3«6,3  which  becomes 

"‘‘(w)’  ^  ^  Blu.tlon  3.6.U 

This  equation  is  dirlded  by  W  and  differentiated  with  respect  to  tlwa* 

d  (E;/W)  XoHc  dW  D7 

“"^T”  •  "ar  -  T 

The  termXo  \  useful  work  output  per  pound  of  fuel  and  cm  be  expressed 

as  thrust  output  and  fuel  flow. 


>1  H  _  work/tiHie  .  T  •  V 
Substituting  this  value  of  7l^  into  the  equation  it  becomes 

I 

TV  D  V 

"  IT  "  IT 

(T  -  D)  Equation  3.6,5 

W  '' 

Now  it  can  be  seen  that  the  rate  of  change  of  specific  energy  or  energy 
'  height  is  equal  to  the  product  of  the  excess  thrust  and  velocity  per  pound 
of  aircraft  weight  and  is  the  basic  unaccelerated  rate  of  climb  equation. 

Equation  3«6«2  can  be  differentiated  with  respect  to  tine  and  baeoaea:  - 

dhe  _  dh  ,  V  dv 

w  At  *  F’"ar 

This' value  of  dhe/dt^  is  substituted  into  equation  3.6.5 

r^.  .  I  I?  .  (T  -  D)  V 

dt  g  31b  W 

I —  - 1 

I  ^  »  (T  ■  D)  I  V  dv  Equation  3.6.6 

j^dt  “1^  j  “  i  dt 

This  equation  is  the  coTi^lete  rate  of  climb  equation  that  includes  acceleration 
in  the  climb  path.  Thus  it  can  be  seen  that  the  excess  power  per  pound  of  air¬ 
craft  weight  can  be  used  to  give  an  unaccelerated  climb,  a  level  flight 
acceleration  or  a  combination  of  the  two  conditions.  Equation  3.6,6  can  be 
rewritten  so  the  acceleration  cmi  be  corrected  to  give  true  rate  of  climb  if 
all  of  the  excess  power  was  used  only  to  Increase  the  potential  energy  of  the 
aircraft. 


d(E/l^) 

dt 


dhe 

3^ 


3-*l?0 


dh  (T  -  D)  V  I  1  I  Equation  3, 6. 7 

Ht  "  “1?  I  "1  ♦  (V/g)  (dv/dhT"! 

This  equation  will  produce  the  unaccelerated  rate  of  cllnb  froM  climb  data 
but  is  often  difficult  to  use  in  determining  the  conditions  that  vill  give 
the  ootlMUi  rate  of  climb <>  Since  (T  «  D)  V  is  a  function  of  h  and  a 

■n? — 

functional  relationship  can  be  derived  for  equation  3«6»7 

^  .  f  (V,  h,  dV/dh) 
dt 

The  solution  of  this  functional  equation  to  give  the  optiaue  climb  technique 
requires  the  use  of  calculus  of  variations  v;h2  ch  ai'o  often  co^>licatede  The 
use  of  specific  energy^  equation  3«6e5;  give  a  simplified  means  of  finding 
the  optimum  technique  and  still  retains  the  accuracy  of  the  other  climb 
equations  c 

3c6o3  specific  ENEH}y  SOIUTION  FOR  CLIMBS 

At  a  given  gross  weighty  the  rate  of  change  of  energy  height  becomes  a 
function  of  only  the  true  airspeed  and  altitude^  which  in  turn  also  determines 
the  excess  thrust  of  the  aircraft  powerplant  combination,  Thus^Bquation  3.6,5 
gives  a  simplified  solution  and  becomes  a  function  of  only  the  two  variables 
or  dhe/dt  *  f  (Vj,  h).  The  equation  does  not  directly  specify  the  form  in 
which  the  total  energy  is  changed  but  gives  a  relationship  for  the  rate  of 
change  of  the  total  energy  per  pound  of  aircraft  weight.  The  use  of  energy 
height;  he;  as  the  independant  variable  in  an  aircrafts  level  flight  envelop 
is  illustrated  in  Figure  3e6»l, 


3-llh 


This  envelop  is  consti  acted  for  a  raaximuTn  power  setting  at  all  points. 


Supersonic  Fighter  Envelop 


Figure  3.6.1 


From  this  Figure  it  is  seen  that  the  final  altitude  can  be  reached  at  a 
wide  range  of  speeds  or  at  a  wide  range  of  energy  heights.  Therefore, the 
problem  of  a  climb  s  chedule  may  be  presented  as  the  problem  to  minimize  the 
time  to  go  from  one  level  of  energy  height  to  a  higher  level.  The  use  of  the 
concept  of  specific  energy  is  also  useful  due  to  the  fact  that  a  rapid  estima 
tion  can  be  made  of  the  maximum  altitude  obtainable  in  a  zoom  or  the  maximum 
speed  in  a  dive. 

The  determination  of  the  minimum  time  to  change  from  one  altitude  and 
airspeed  combination  to  another  combination  is  solved  a.®  the  minimum  time  to 
go  from  one  «iergy  level  to  the  desired  level.  An  equation  using  energy 
altitude  as  the  independant  variable  can  be  written  that  will  solve  the 
minimum  time  problem  . 
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Equation  3«6.6 


From  the  previous  derivation  we  have 
he  -  h  +  V^/2g 


dhe 

dt 


(T  -  D)  V 

w 


f  (h,  7) 


Since  from  equation  3,6.2 
he  -  f  (h,  V) 
or  h  '  f  (he,  V) 

and  V  *  f  (he,  h) 

itxrfollows  that 


t  ^ 


.  f.  (he,  V)  - 


(he,  V)  dhe 


(he,  h) 


Equation  3.6,2 


or 


he. 


^he. 


^2 


The  problem  reduces  tc  minimizing  the  above  intergals, which  in  turn 
minimizes  the  time  to  change  from  one  energy  level  to  another.  Since  two 
variables  are  involved  the  calculus  of  variations  is  used  and  the  integral  is 
at  a  minimum  value  when 
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or 


dt 

dhe 


0 


he  =  K 


Now  if 


■  f  ( .-jc  ,  y )  *  0  it  t 


then  follows  that 


Equation  3.6.9 


Ff  ,"7^  •  0 


That  is  to  say^  if  the  slope  of  the  function  f  (x  ,  y)  equal  zero  the  slope 
of  l/f^:^  .  y)  is  also  equal  to  zero  as  shown  in  the  following  figure. 


ffx  , 


(-  .•  y) 


Slopes  equal  zero 


f  VX  ,  y) 


From  this  relationship  we  can  write  equation  3.6.9  as 


^  I  dhe 
3V  [___dt^| 


he  -  K 


Equation  3 *6. 10 
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Substituting  in  this  squation  for  dhs/dt  us  now  bars: 


Tbs  optiwuB  cliirib  schedule  is  now  the  one  that  satisfies  this  condition  at' 


■STsrsr  point.  This  path  mgr  be  difficult  to  dstendne  bj  nalytical  naans 
but  can  be  easily  solved  usi^^^raphic  presttitation.  The  basic  rate  of 
eiiirt)  equation  to  find  the  clinb  speed  at  each  altitude  whieh  gives  the 
mndmm  rate  of  clisb  is  detemined  by  the  equation  3.6.12 


Equation  3.6«12 

o 

The  two  clinb  schedules ,  the  ■aari.in  rate  of  cliwb  by  the  conventional 
Method  and  the  optiiain  by  the  specific  energy  Method  is  shown  in  Flgurs  3«6«3 
Interpreted  graphically  Equation  3«6»11  requires  that  at  a  given  value  of 
energy  height  the  speed  which  results  in  the  Marl  mum  excess  power  per  pound 
of  aircraft  weight  will  be  the  speed  which  gives  a  niniaun  tine  interval  to 
go  from  one  value  of  energy  height  to  another.  Equation  3*  6.12  is  used  in 
detemining  the  naxiauM  rate  of  clinb  schedule  at  each  altitude. 


Subsonic  Flighii  Enve'^.op 


This  Figure  shoKS  contours  of  constant  excess  pover  per  pound  of  aircraft 

veight  or  dhe/dt  superlnposed  on  contours  of  constant  energy  height*  The  two 

different  cliinb  schedules  are  illustrated  on  this  plot*  The  plot  is  for  a 

typical  subsonic  tuxhojet  fighter  and  it  can  be  seen  that  for  this  eaae°the 

o 

ModJKUi  rate  of  climb  schedule  Is  close  to  optiHum  energy  climb  schedule.  As 
the  speed  Increases  abore  Mach  1*0  the  schedules  grow  farther  apart* 

The  difference  between  using  the  two  methods  as  given  by  aquations  3*6*11 
and  3 •6.12  is  that  the  energy  method  chooses  velocities  where  the  excess  power 


CMitours  are  tangent  to  a  line  of  constant  energy  height  idiile  the  conventional 

wmm 

method  chooses  velocities  where  the  contours  are  tangent  to  a  line  of  constant  id 


altituds*  Figure  3.6.1!  shows  the  m.in.ianim  tine  to  climb  for  a  supersonic  fighter 


of  the  Mach. 2*0  categozy. 


Supersonic  Fx£;hter  Flight  Envelop 

ALT 

s 

FT 


Figure  3 

This  dijigram  of  the  flight  envelope  is  readily  adq>table  to  a  specific 

energy  analysis  in  order  to  determine  the  optimum  climb  performance  for  a 

combination  of  altitudes  and  airspeeds*.  The  fiaxibility  of  this  method  is 

demonstrated  in  that  a  cliid)  with  acceleration  or  an  acceleration  with  a  d'./e 

can  be  part  of  the  q>tinun  energy  pathc  The  maxiaum  altitude  in  a  soom  from 

any  point  can  also  be  estimated^  The  aircraft  in  Figure  has  a  certain 

value  of  energy  height  at  point  6.  If  the  pilot  could  convert  all  of  this 

energy  into  actual,  altitude  he  could  reach  an  altitude  at  zerc  velocity  that 

would  equal  the  value  of  the  energy  height  at  point  Bo  This  is  impossible, 

however  due  to  the  fact  that  when  the  airo’raft  is  at  an  altitude  above  the 

contour  of  dhe/dt  ■  0  it  is  in  a  region  of  negative  exoe.«s  thrust r  (T  ”  D)"(-) 

The  va^?^  a  negative  excess  thrust  acting  over  an  interval  of  time  wi.U 

a 

dissipate  some  of  the  energy  causing  a  decrease  in  the  total  energy  height 
and,  therefore , the  aircraft  will  never  be  able  to  convert  all  of  the  total 
e^^  at  a  given  point  into  potential  energy«  The  same  analogy  holds  for  the 
maximum  spei^  in  a  dive*. 


It  is  interesting^  to  note  that  for  air  breathing  engines  the  lines  of 
dhe/dt  »  K  or  excess  power  per  pound  of  aircraft  weight  decreases  as  height 
is  increased.  This  is  due  to  the  decrease  in  the  thrust  output  of  the  engine 
••  altitude  is  increased.  The  rocket  engine  aircraft  combination  is  different 
due  to  the  fact  that  the  thrust  output  of  the  engine  increases  slightly  with 
an  increase  in  altitude.  The  specific  energy  analysis  for  this  type  aircraft 
is  shown  in  Figure  3.6.5. 

Rocket  Poi:*:€r  Aircraft 


Figure  3.6.5' 

A  three  deminsional  representation  of  an  aircraft  flight  envelop  using 
the  specific  energy  analysis  can  be  constructed.  This  envelop  is  shown  in 
Figure  3<6x  The  optimum  energy  climb  schedule  can  be  outlined  in  the  h,  »d 

V* 

2 

/2g  plane.  Figure  3o6.Sa  .  The  maximum  rate  of  climb  is  outlined  by  the 
peaks  of  the  body  in  the  plane  of  dhe/dt  and  V^V2g,  Figure  3.6  6b.  The  three 
dimensional  analysis  is  a  convenient  method  for  comparison  of  the  two  cliiib 
schedules* 


'hi’ee  Dei.iinsional 
Flight  Envelop 


3.6.U  SPECIFIC  ENERGY  ANALYSIS  FOR  LE7EL  FLIGHT  PERFORMANCE 

The  data  for  constructing  the  flight  envelop  as  shown  in  Figures  3.6,1, 

3.6,2  and  3.6.3  may  be  obtained  by  continued  climbs  or  level  accelerations. 

The  continued  climbs  are  more  difficult  to  fly  and  they  require  accurate  temp¬ 
erature  and  vdnd  information  for  the  correction  of  the  data.  The  level  flight 
acceleration  data  is  not  effected  by  either  of  the  above  factors  and  is  easily 
reduced. 

The  actual  values  of  excess  thrust  at  various  speeds  and  constant  altitudes 
are  useful  in  obtaining  flight  test  data  for  turning  performance  as  well  as 
climbs.  The  value  of  excess  thrust  can  be  determined  once  the  plot  of  dhe/dt 
is  made. 

^  ,  _(T  -  D)  V  .  (”ex  )  V 
dt  W 


Equation  3o6.13 


Therefore  it  is  seen  that  at  any  given  velocity  during  a  level  acceleration 


the  actual  excess  thrust  may  be  determined. 

T 

The  parameter  ©x,  jS  is  often  required  to  obtain  the  final  data  for 
acceleration  and  turning  capability.  This  is  accomplished  by  multiplying 
both  sides  of  Equation  3.6,13  by  l/g  , 


-  1*2  Bqu«Uon  3.6.U. 

dt  '  V  ‘  6  s 

From  the  level  flight  acceleration  data  the  positive  values  of  Tex/g  at 
various  airspeeds  or  Mach  nuntoers  can  be  determined. 

A  maximum  power  steady  state  turn  at  a  constant  altitude  results  in  a 
condition  where  T  -  D  or  excess  thrust  is  zero.  A  maximum  power  level 
decelerating  turn  at  a  constant  altitude  results  in  a  situation  where  the 
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drag  is  greater  thtfi  the  thrust  arailable  and  the  excess  thrust  becones  a 
negative  value«  This  will  naturally  produce  a  value  of  dhe/dt  that  is 
negative.  Plotting  the  excess  thrust  data  fron  the  accelerations,  decelerating 
turns  and  stabilized  level  turns  versus  the  Mach  nunber  gives  Figure  3.6.7 . 


Figure  3. 6. 7  Excess  Thrust  Versus  Mach  Nuaber 


This  data  is  then  cross  plotted  at  constant  Mach  nunber  to  a  nore 


Froa  this  plot  it  is  possible  to  obtain; 

1.  Acceleration  performance  -  such  as  tiae  distance  and  fuel  used 
(requires  fuel  flow  data)  to  accelerate  froa  one  speed  to  another. 

2.  Climb  performance  -  both  accelerated  a  nd  unaccelerated  rates  of 
climb  as  well  as  the  climb  ceiling  at  any  speed  can  be  obtained. 

3.  Maximum  speed  -  can  be  extrapolated  for  Tex/^  •  0  for  any  given 

altitude. 

U.  Turning  performance  -  both  stabilized  and  decelerating  turning 
performance  can  be  detexwLnede 

5.  Any  cort)ination  of  the  aPove  can  be  found^such  as  climbing  accelerating 
turns >  descending  stabilized  turns ^  etc, 

3o6o5  range  determination  from  specific  ENEROr  ANALYSIS 

The  determination  of  an  aircrafts  range  capability  can  be  made  \ising 
specific  energy  analysis*  Equation  lob.U  is  used  as  the  starting  equation  for 
this  development* 

r  ^ 

Hd  (■§)  =  llo  "c  d  TO  -  D  IV  dM  B 

The  term  V  dt  is  equal  to  dR  and  can  be  substituted  into  the  above  equation 

■ 

In  straight  and  level  flight  the  assunqption  is  made  that  L  ■  W  and  d  FU  •  -  dW. 
The  equation  can  be  rewritten  as 
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This  equation  is  now  integrated  to  give  total  range. 


R 


Equation  3.6,15 


where  =  starting  gross  weight  and 
*  final  gross  weight 

As  proven  previously Tl  He  _  T  .  V  ,  T<V  and  dW«/dt  •  Tc^  the  term 

°  "  HFu73t  iTT  ^ 

can  be  written  as  /]  -  Z  •  This  term  is  substituted  into  equation 

0  ^ 

3.6,l5  which  becomes 


R 


Equation  3.6.16 


An  examination  of  the  above  equation  shows  that  the  second  term  is 
required  only  if  there  is  a  change  in  specific  energy  during  the  cruising 
portion  of  the  flight.  A  turbojet  aircraft  cruises  at  a  constant  angle  of 
attack  or  constant  L/D  ratio  to  obtain  the  maximum  range  available.  This 
technique  of  holding  L/D  constant  will  result  in  the  aircraft  climbing  as 
fuel  is  consumed.  The  increase  in  altitude  will  result  in  a  decreased  cfynamic 
pressure  as  the  Hach  number  or  is  held  constant  above  the  tropopause. 

This  increased  altituae  will  increase  the  value  of  the  specific  energy,  there¬ 
fore  this  change  must  be  considered.  The  change  in  the  specific  energy  term 
is  usuallv  less  than  1%  of  the  basic  term  when  the  aircraft  is  flown  at  the 
tropopause  or  above  and  at  airspeeds  of  1*00  knots  or  faster.  Thus  , the  last 
term  of  Equation  3,6.!l6  can  be  dropped  without  any  appreciable  effect  on  the 
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accxiracy  of  the  equation.  The  equation  now  becomes  the  familiar  Berguet 
Range  equation. 


/v\  /  l\,_/^o\  Equation  3.6.17 

MW  w 

An  examination  of  the  altitude  gained  during  the  cruise  climb  portion 
of  flight  can  also  be  made  at  this  time.  In  straight  and  level  flight 

nVJ  .  L  •  S 

Substituting  for  ^ a  V.  ^  in  terms  of  M  for  1  g  level  flight 


W  -  Cl  (■i/2)  p  M  ^  S  Equation  3.6.18 

Different! ating ; 

dW  Cl  ('i/2)  dp  M  ^  S  BouAtion  3.6.19 

Dividing  equation  3c6,19  by  equation  3.6,18  gives  the  following  result: 


dW  dp 

m  "  p 

Since  dp  -  ^^g  dh  ^  and  p  •*  Pg  RT 
dp  Pg  dh  dh 

♦  dW  .  dh 

•  .  T  m 

VJhen  the  aircraft  is  flown  above  the  tropopause  the  ambient  temperature  will 
be  216.66  on  a  standard  day.  Substituting  this  value  for  T  and  96.06 
ft/^K  for  R  the  equation  becomes 
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Equation  3.6,20 


^  dh 

W  '  ‘  ^  i9\x0 

2059ii0  dW  _ 

W 

Equation  3.6.20  fdves  the  altitude  gain  in  feet  for  a  decrease  in  gross 
weight  during  cruise. 


3.6.6  EinDUR/u\CE  DETEPJ-miATION  FROM  SPECIFIC  ERERGY  AIIALYSIS 

The  endurance  capability  of  an  aircraft  can  also  be  determined  using 
specific  energy  analysis.  Equation  3.6.ii  is  again  used  as  the  starting 
equation  for  this  development. 


Wd 


d  FU  -  D  7  dt 


Equation  3.6,14 


dt 


0  He  d  FU 


«  iL  d  E 


D7  D7 

For  stabilized  flight  L  =  W  and  d  ~  dW, 


dt 


D7 


/ 

H  1 

(EJ 

\  wj 

‘  DV  ^  ' 

Endurance 


dt 


'1  '”'01 


Endurance  -  (|)  “  (f] 

Substituting  values  forTt^  the  equation  becomes 


Endurance  " 


Equation  3.6.21 


-  oc 

j. — 


% 


»Th«  last  tmrm  is  dus  to  snj  changs  in  spse^e  ttsrgjr  ai^jugr  chvppod  a^ 
^^pindieatsd  in  saetion  3«6.5< 
dBl  Ths  final  aquation  now  bac( 

■ 

Endnrane*  ' 


Thus^t  is  s'aen’that  tha  eoncapt  of  specific  anarij  cm  ba  an  aoct; 


usaful  nams  of  asaXuatlnc  an  aircrrifta  parfonuoM. 


3.7  TAi\EOFF  A:;D  LAjJDim 

An  inqportant  part  of  the  testing  of  any  aircraft  is  the  taksoff^  landing^^ 
and  operation  in  close  proxinity  to  the  ground.  Takeoff  and  landing  are 
greatly  dependent  ^^^ilot  Judgement  and  technique  and  ,theref ore^  are  subject 
to  considerable  variation  for  any  given  aircraft  and  set  of  conditions.  Be¬ 
cause  of  this  large  unpredictable  variable^  namely  the  pilots  it  is  neither 
possible  nor  practical  to  make  exact  prediction  or  correction  of  takeoff  and 
landing  performance.  It  is  only  possible  to  estimate  the  approximate  cap¬ 
abilities  of  an  airplane  within  rather  broad  limits.  For  this  reason,  take¬ 
off  and  landing  performance  will  be  considered  from  a  rather  general  point  of 

0 

view  taking  into  account  only  the  major  variables  and  making  some  assuiqptions 
concerning  the  lesser  variables, 

3.7.1  T,\!130Fj  ’■’ERFOil- 'A'-^CE 


Hany  factors,  other  than  the  pilot,  effect  the  takeoff  performance. 

Some  are  obvious  vjhile  others  are  rather  subtle.  Among  the  obvious  are  power, 
wind. runway  slope,  rollj.ng  friction,  v/eight  and  aircraft  configuration.  Some 
of  the  less  obvious  factors  are  temperature  and  density  effects  on  aerodynamic 
lift  and  drag  and  on  power  plant  and  propeller  performance.  Still  more  subtle 


are  the  effects  of  wind  shear  and  ground  effect. 

Phase  of  Takeoff  and  Elffects  of  Pilot  Technique 

A  takeoff  may  be  considered  as  being  made  up  of  three  basic  phasea.  These 


-1^  Ground  roll  in  which  minimum  drag  and  maximum  thrust  are  desired. 

^  2.  Transition  which  consists  of  rotation  to  a  flight  attitude,  takeoff 
and  establishingcan  initial  climb  angle. 


3«  Initial  cUM)  out  to  a  safa  altltuda. 

Each  of  thasa  phaaas  are  subject  to  variation  in  pilot  technique  and  tach- 
nicallj  speaking  require  different  nathods  of  analysis «  For  instance^  early 
rotation  of  the  aircraft  in  t  ha  ground  phase  Mill  increase  the  ground  distance 
and  may  even  prevent  attaining  takeoff  speed  because  of  the  Increased  drag* 
Thusc  it  is  of  utmost  importance  to  ndnindze  the  drag  during  the  ground  phase* 
ransltion  is  another  critical  period  in  which  the  pilot  could  lift  off  at  so 
low  a  speed  that  he  would  be  unable  to  accelerate  or  climb.  This  is  generally 
known  as  taking  off  on  the  backside  of  the  power  curve*  On  the  other  hand  if 
the  pilot  delays  rotation  too  long  his  ground  roll  will  not  be  the  shortest 
possible.  The  pilot  also  has  considerable  control  over  the  distance  covered 
in  climbing  to  a  given  altitude^  generally  50  feet*  He  can  either  climb 
slowly  «id  accelerate  under  constant  power  or  he  can  pull  up  sharply^  holding 
speed  constant  or  even  decreasing  speed  slightly  in  order  to  gain  altitude 
rapidly*  In  general,  more  variation  results  in  the  air  phase  than  in  the  ground 
roll. 

3.7.I0I  FORCES  ACTING  Oti  AN  AIRCRAIT  DURING  TAKEOFF 

In  onier  to  properly  orient  ourselves  to  the  takeoff  problem,  let  us 
consider  the  forces  acting  on  the  aircraft  during  the  three  phases  of  takeoff* 
First  let  us  consider  the  ground  roll.  The  aircraft  is  acted  upon  by  thrust, 
aerodynamic  drag  and  friction  as  in  Figure  3* 7*1* 


Fi^-ure  3,7«i 


Sunming  the  horizontal  forces 

T  -  Q)  +^(W  -  *  g  a  Equation  3.7.1 

T  »  thrust  of  the  power  plant 
D  =  aerodynaynic  drag  *  Cjj  q  S 

L  *  aerodynandc  lift  *  q  S 

W  -  weight  of  the  aircraft 

Fr  *■  frictional  force 

=  rolling  coefficient  of  friction 

The  term  in  brackets  is  called  the  resistance,  R,  and  must  be  minimized  to 
obtain  the  shortest  ground  roll.  For  aircraft  taking  off  from  soft  grass  or 
sod  field  where  the  coefficient  of  friction  is  high, it  is  especially  in^ortant 
to  reduce  the  weight  on  the  gear  by  maintaining  a  higher  angle  of  attack  or  by 
lowering  flaps.  This  technique  does  not  produce  «  significant  decrease  in  take¬ 
off  distances  when  the  friction  is  low,  such  as  on  a  concrete  runway.  The 
optimum  angle  of  attack  required  for  this  sort  of  takeoff  is  obtained  «atheinatic- 
ally  by  minimizing  the  resistance  through  the  following  procedure 
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R  •  D  ♦/</(W  -  L) 

R  •  )  q  S  ♦  >^(W  -  Cl  q  S) 

R  •  (°D  ^  h _ )  q  S  ♦  (W  -  Ct  q  S) 

P  ♦frRI  ^ 

<JH  .  2  ^  q  S  -  ^(q  S)  *  0 

3Cl  ttk* 

setting  the  derivative  equal  to  zero  gives  the  required  for  mlnliiau  resistance 

Cl  .  IT  B.*yO  Equation  3.7.2 

“opft  *  2 


The  angle  of  attack  vhich  will  give  this  is  obtained  from  a  Cj^  versus  Oi 
curve  for  the  aircraft  such  as  Figure  2. 3 •9a.  Note;  Failure  to  use  optimM 
technique  during  the  ground  roll  when  the  friction  coefficient  is  high 
.01  -  .03  can  result  in  doubling  the  optima  ground  roll  of  some  aircraft. 

A  table  for  some  respresentative  rolling,  sliding  and  static  coefficients 
of  friction  are  presented  in  Table  3. 7. A. 


Table  3.7JL 
Friction  Ceofficients 


Type  of  Surface 

Rolling 

Static 

(1) 

Sliding 

Concrete: 

Dry 

c02  to  c05 

o70  to  .85 

oi5 

to  oUO 

Wet 

.02  to  .05 

.20  to  c50 

o 

0 

to  0 

Bituminous  Pavements 
Dry 

c02  to  .05 

c75  to  .85 

(2) 

(2) 

a5 

to  .liO 

Wet 

.02  to  c05 

c20  to  JO 

-30 

to  0 

Packed  Snow 

,02 

o25  to  o37 

.12 

to  .15 

Ice 

u02 

olO  to  .25 

o05 

to  .20 

Hard  Turf 

.Oh  to  .05 

Short  Grass 

.05 

Long  Grass 

.10 

Soft  Ground 

.10  to  .30 
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1)  Except  for  wet  .-unways  the  sliding  friction  coefficient  decreases  with 
speed.  The  value  listed  first  is  associated  v;ith  the  higher  speed. 

2)  Ilote  that  the  average  static  coefficient  is  higher  for  bituninous  pave¬ 
ments  than  for  concrete.  V/hile  this  is  in  fact  true  it  not  be  possible 
to  realize  these  higher  braking  forces  on  bituminous  surfaces  because  their 
nonhoinogeneous  nature  causes  alternately  high  «id  low  coefficients  as  the 
tire  rolls  over  the  pavement.  This  generally  results  in  skiding  and  sliding. 

In  the  transition  phase  the  forces  acting  on  the  aircraft  are  continuously 

changing.  The  friction  force  is  reduced  as  the  aircraft  lift  is  increased  and 

of  course  becomes  zero  at  the  lift  off  or  unstick  point.  The  aerodynamic  drag 

is  increased  during  this  phase  of  operation.  The  induced  drag  increases  be- 
□ 

cause  of  the  increased  lift  and  the  total  drag  increases  because  of  the  in¬ 
creased  speed.  Also,  during  the  transition  phase  the  gear  retraction  is  started 
and  causes  increased  or  decreased  drag  depending  on  the  gear  arrangement  and 
retraction  cycle.  Naturally,  after  the  gear  has  been  retracted  the  total  drag 
is  decreased  but  this  condition  is  not  generally  accomplished  until  after  the 
initial  climb  angle  has  been  established.  The  variation  of  the  takeoff  forces 


Drag 


H  V  V  V 

Velocity  Trans  TO 

Figure  3,7.2  Force  Versus  Velocity  Plot  for  Takeoff  and  Initial  Climb 
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For  soiit  high  p«rfomanc«  lircraft  the  tranaition  phase  is  not  com¬ 
pleted  before  the  aircraft  passes  through  the  50  f^ot.  point, in  which  case 
there  are  only  two  phases  of  test  interest*  This  characteristic  results  from 
the  fact  that  it  is  physically  impossible  to  rotate  the  aircraft  before  it  has 
literally  leaped  through  50'.  It  may  also  be  due  to  a  characteristic  of  the 
aircraft  such  as  pitch  up  which  prevents  rapid  rotation  to  establish  the  initial 
climb  angle* 

The  forces  acting  during  the  initial  climb  are  the  same  as  those  acting 
during  the  air  phase  of  transition  except  that  they  increase  in  a  more  pre¬ 
dictable  manner.  Since  the  climb  is  established  the  drag  increases  with  the 
square  of  the  velocity.  However,  as  was  mentioned  previously,  the  gear  re¬ 
traction  cycle  is  occurring  at  this  time  and  may  cause  a  variation  in  the  drag; 
also  the  induced  drag  is  increasing  because  the  aircraft  is  climbing  out  of 
ground  effect* 

Since  a  great  deal  of  variation  can  occur  during  takeoff  certain  assump¬ 
tions  must  be  made  concerning  the  forces  acting  during  each  phase.  These  will 
be  pointed  out  at  the  appropriate  time* 

While  the  previous  discussion  has  been  primarily  concerned  with  the  varia¬ 
tion  of  frictional  forces  and  aerodynamic  drag,  they  are  not  the  only  ones 
vjhich  change  during  takeoff.  Thrust  varies  depending  on  the  type  of  powerplant 
and  though  it  may  vary  less  than  3  or  U  percent  during  the  takeoff  roll  this 
change  may  be  more  significant  than  a  much  larger  percentage  change  in  friction 
and  aerodynamic  drag. 

The  thrust  of  a  jet,  like  that  of  a  rocket  would  be  constmt  if  there 
were  no  inlet  duct  losses*  However,  the  increased  monentum  of  the  incoming 


air  with  increasing  spaed^  the  increase  in  duct  losses  with  angle  of  attack 
end  the  requirenent  for  sharp  lipped  inlets  on  modem  high  speed  aircraft 
cause  significant  changes  in  net  thrust.; 

Let  us  first  consider  the  static  thrust  of  a  Jet  engine  mounted  in  a 
subsonic  blunt  lipped  duct  and  a  supersonic  sharp  lipped  inlet.  Figure  3. 7* 3a 


Static  Condition  Duct  Flow 


High  Speed  Duct 
Figure  3.7.3a  2 


Duct  Flow  During  Takeoff 


n 


Sinc«  a  jet  engine  derives  its  thrust  from  the  change  in  momentun  of  the  air 
passed  through  it,  =  M  (V^  -  the  maximum  thrust  should  result  when 

the  velocity,  V^,  of  the  incoming  air  is  zero*  This  is  truly  the  case  if  there 

% 

are  no  inlet  losses  as  with  a  bellmouth  in  a  test  stand*  Engines  installed  in 

aircraft,  however,  do  suffer  losses  because  they  are  designed  to  give  best 
efficiency  at  some  design  forward  speed.^  These  losses  are  caused  by  the  re¬ 
duction  in  effective  duct  area  when  incoming  air  approaches  the  duct  from  all 
directions  as  shown  in  Figure  3c7«3a«  The  sharp  lipped  inlet  tends  to  form 
a  dead  air  region  just  inside  the  lip  causi*^(,  an  effective  reduction  in  inlet 

area  which  results  in  a  lower  mass  flow  and, therefore,  lower  static  thrust. 

0  * 
The  low  speed  inlet  does  not  suffer  as  much  from  this  effect  because  of  its 

more  favorable  streamlined  shape  for  static  conditions  and, therefore, may 

nearly  develop  rated  thrust.  These  losses  are  reduced  rapidly  as  forward  speed 

increases. 

As  forward  speed  is  increased  the  inlet  velocity  and  momentum  is  propor¬ 
tionately  increased  causing  a  reduction  in  the  net  thrust,  This  reduction 

in  net  thrust  is  normally  more  than  offset  by  the  increase  in  duct  efficiency 
of  the  high  speed  inlet  resulting  in  increased  thrust  during  ground  roll. 

Figure  3o7e3bc  For  the  low  speed  inlet  the  increase  in  duct  efficiency  is  not 
too  great  so  that  the  increase  in  inlet  momentum  may  causa  the  thrust  to  de¬ 
crease  slightly  but  generally  it  is  considered  constant  for  a  first  approxima- 
tionr 

Another  effect  which  is  closely  akin  to  the  low  speed  duct  loss  problem 
is  the  duct  losses  caused  by  angle  of  attack  during  the  transition  and  air 
phase.  The  flow  pattern  is  the  same  except  that  it  occurs  on  only  one  side  of 
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th«  duct  as  shown  In  Figurs  3.7«3b.  This  loss  will  causs  a  rsduction  in  thrust 
whan  the  aircraft  is  rotate^'  to  a  flight  attitude  just  pzlor  to  takeoff  and 
its  magnitude  will  depend  on  the  duct  configuiation^  takeoff  speedy  etc. 

From  this  it  is  seen  that  the  thrust  of  a  jet  powered  aircraft  may  in¬ 
crease^  decrease  or  remain  constant  during  the  takeoff  roll  depending  on  the 
duct  configuration. 

A  propeller  driven  aircraft  is  a  different  story.  The  thrust  of  a  pure 
propeller  type  aircraft  (no  jet  thrust  or  JATO)  almost  always  decreases 
during  takeoff  with  a  constant  horsepower  output.  This  is  qualitatively  seen 
for  a  constant  speed  propeller  from  the  fact  that  the  thrust  horsepower  avail¬ 
able  is  defined  as 

TfP  =  BFP  X  ^  •  TxVt  Equation  3.7.3 

•  P  1?0~ 

Where 

is  the  propeller  efficiency 
T  is  the  thrust 
V  is  the  true  speed 

During  takeoff  the  br^ke  horsepower,  ,  is  ccnstant  at  the  w-ri  avail¬ 
able  and  the  3^^  increases  slightly  causing  the  thrust  horsepower  to  increase 
slightly.  However,  the  increase  in  velocity  is  very  large,  therefore,  if  the 
thrust  horsepower  increases  only  a  small  amount  the  thrust,  T,  mst  decrease 
in  some  proportion  to  the  velocity,  V. 

The  thrust  of  a  fixed  pitch  propeller  decreases  even  more  than  the  constant 
speed  prop  since  the  blade  angle  cannot  increase  as  the  forward  speed  is  in- 

> 

creased.  This  reduces  the  angle  of  attack  of  the  blade  and  consequently  the 
thrust.  Though  not  generally  the  case  some  fixed  pitch  propellers  give 
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increased  thrust  with  increased  speed  for  a  brief  period  during  takeoff.  This 
is  expected  for  very  large  blade  angles  where  the  blade  is  partially  stalled 
under  static  conditions  and, therefore, becomes  more  effective  as  forward  speed 
is  increased  because  of  the  lower  angle  of  attack  of  the  blades. 

3,7ao2  TAKEOFF  PERFORIUICE  EQUATIONS 

Now  that  we  have  observed  the  forces  acting  and  how  they  behave  during 
the  takeoff  run,  let  us  see  more  precisely  how  they  effect  the  takeoff  per¬ 
formance,  Considering  the  ground  roll,  the  takeoff  distance  is  given  by 


S 

g 


Equation  3.7.U 


which  can  be  expressed  in  terras  of  velocity  and  acceleration 


S 

g 


Equation  3*7*5 


a 


where 

V  *  velocity 
a  =  acceleration 

The  acceleration  is  obtained  from  Newton's  Second  Lax^  xjhich  states 
F  =  ma 


3-liiO 


where 


F  =  T  -  R  *  excess  throat  *  Tex 
R  a  D  ■*-X/(W  -  L)  =  total  resistance 


Therefore 


(T  -  R  > 


Substituting  in  equation  3.7.5 


S 


W 

i 


VdV 

rrnry 


EJquation  3.7.6 


Thus,  if  the  velocity  and  the  excess  thrust  as  a  function  of  velocity  can  be 
determined  at  each  point  the  mimiraum  distance  to  attain  any  given  speed  can 
be  determined .  Except  for  preliminary  calculations,  this  is  not  normally  done. 
For  fli(ht  test  data  correction  purposes  a  less  exact  formulation  is  required, 

A  glance  at  Figure  3.7.2  suggests  that  during  the  ground  roll  the  excess  thrust 
is  nearly  constant,  that  is  (T  -  R)  in  the  above  equation  does  not  change 
greatly.  I  sing  the  mean  value  of  T  -  R  and  integrating  gives 


Scr  -  W 
^  '  G  (t  -  R) 


mean 


7dV 


S 

c 


VJ 


rrrrTT 


mean 


Equation  3.7.7 


Note  that  rearranging  this  equation  says  that  the  work  done  during  the  ground 
roll  is  equal  to  the  increase  in  kinetic  energy  of  t  he  aircraft  , 


3-lUl 


>1 


Work  dono  •  Klnotle  Bnoror  Qftin 

Th*  air  phase  of  tha  takaoff  can  likaidto  ha  anialjraad  fro*  tha  atan^ol^ 
of  onar«7  gained.  In  fact,  thia  is  nacasaair  because  the  aircraft  gains  speed 
ng  at^altitudt  during  climb  out  ao  that  tha  trua  -parfomauca  ia  baat 
avaluatad  in  tarns  of  tha  anargy  changae 

Tha  diatanca  for  tha  air  phaae  lika  the  ground  roll  is  givan  by 


■ : 


Equation  3# 7.8 


which  in  tanw  of  the  energy  gain  ia  giTan  by 


Equation  3* 7*9 


where 


air  diatanca 

total  energy  of  the  aircraft  relative  to  tha  total 

energy  at  tha  brake  ralaaaa  point, 

O  Q 

and  V50  are  tha  valocitiaa  at  takaoff  and  $0  faat^raapacUvaly 


The:  total  energy  is  givan  by 

*  -  w  (h  ♦^  ) 


V  ^ 


Equation  3«7*10a 


Equation  3*7«10b 


1 


h  •  height  aboy«  lift  off  pointy  (norMlly  50  ft.) 

W  lircrmft  weight 

V  -  aircraft  walocity 

Note  that  ^  can  be  written 
dt 

dE  .  V  (T  -  R) 


since  W  d7  is  the  accelerating  foree  or  the  excess  throst. 

i  3? 

By  substitution  equation  3.7«?  becoaes 


Equation  3«7*11 


ir^  of  .01'  the  ground  roll^  we  take  the  mean  excess  thrust^  the  above 
equation  becomes  siT!q)ly  the  change  in  energy 


S 

a 


d  (h 


2 

w  (h  ♦  ) 

_(T  -  R)nonn 


2  Y  2 

V  (So  ♦  ) 


(T  -R) 


V  2  V  2 

vh«rt  th«  r«f«r«nc«  htlght  ^TO  l8  50  f—t  and  tba  quantity  50  -  TO  ^ 

2g 


is  dsfinsd  as  h 

▼ 


Ths  s(^iatlon  is  than 


s. .  w  (50  ♦  M 

irTTir-^ 


Equation  3«7«12 


Whils  ths  assu^)tion  that  ths  sxosss  thiust  is  approxiaatsly  constant  is 

'S 

not  too  good  during  ths  airphass  ths  dlstancs  travslsd  and  ths  tlas  daratlon 


is  small  ^thus  causing  only  small  variations  in  the  total  dlstancs  rsqpiirsd  to 
clsar  a  50  ft.  obstaclSc 


3,7ol.3  THRUST  AUGMENTATION  FOR  TAKEOFF 

It  is  svidsnt  from  ths  prsvious  discussion  that  the  taksoff  dlstancs  is 
dirsctly  a  l\mction  of  ths  sxcess  thrust  availabls  to  accslsrats  ths  aircraft 
and  ths  vslocity  to  which  it  mist  bs  accslsratsd* 


F  ■  T  -  R  ■  Teix 

This  msans  that  thsrs  are  three  approaches  to  shortening  ths  taksoff  roll, 

(1)  Reducing  ths  resistance,  (2)  Increasing  ths  thrust,  and  (3)  Decreasing 
ths  taksoff  speed. 

Idttls  can  bs  done  to  reduce  ths  resistance  for  a  given  aircraft  and 
runway  surface  except  to  select  the  optimw  lift  coefficient  for  winiHMH 
resistance  either  by  lowering  flaps  or  by  holding  a  given  angle  of  attack 
during  takeoff. 

High  lift  devices  such  as  slats  and  flaps  are  being  used  to  increase  the 
maxiioum  lift  coefficient  and  reduce  the  stall  speed  so  that  the  aircraft  does 


ot  have  be  accelerated  through  such  a  large  speed  range  before  takeoff. 

.  's  approach  is  being  developed  to  the  utrjost  for  V/STOL  type  applications. 
Thrust  vectoring  and  boundary  layer  control  are  also  being  considered  but  as 
y  ^t  are  only  in  the  experimental  stages.  As  yet,  boundary  layer  control  while 
snowing  pre-ni  >'■  not  been  extensively  used  for  takeoff  because  it  requires 
•i^ther  a  separate  power  source  or  the  use  of  engine  power  to  run  it.  The  use 
of  engine  n  r^er  decreases  the  power  available  and .therefore , tends  to  defeat 
tnc  purnof  e  ;rh:ich  it  is  trying  to  promote,  that  is,  better  takeoff  performance. 
rXiture  development  may  provide  more  efficient  boundary  layer  systems  which  will 
make  it  feasible  for  increased  takeoff  performance. 

The  second  alternative  of  increasing  the  thrust  and  possibly  vectoring  it 
upwards  as  for  a  lift  wing  is  a  much  more  promising  prospect  for  significantly 
increp  ‘-ir  a  takeoff  performance.  Increased  thrust  may  be  obtained  by  in- 
creas:  ig  size  of  the  primary  powerplant  or  by  using  some  sort  of  augmentation. 
Thrust  augmentation  is  generally  provided  by  one  of  three  methods,  (l)  By  aux- 
illiary  engine,  jet,  rocket,  JATO,  etc.  (2)  By  water  injection  or  otherwise 
operating  the  priraarj’’  engine  at  greater  than  maximum  rated  power  for  a  brief 
period  of  time,  or  (3)  For  a  jet  engine  by  incorporating  an  afterburner  in  the 
tail  pipe  of  the  primary  engine.  If  thrust  augmentation  is  possible  throughout 
the  takeoff,  the  theory  and  analysis  are  identical  to  the  unaugmented  case.  If 
+  ^hru«t  augmentation  is  only  part  tim^the  takeoff  must  be  analyzed  in  two 
pai^s^  that  is,  augmented  and  unaugmented. 

Part  time  augmentation  such  as  may  be  attained  with  JATO  and  water  in¬ 
jection  brings  up  the  problem  of  determining  the  most  efficient  time  during 
the  takeoff  to  utilize  the  additional  thrust.  Equation  3.7.7  and  3.7.12  shows 
that  an  increase  in  the  excess  thrust  reduces  the  ground  roll.  The  question 
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still  rsBiins  as  to  vbsthsr  ths  distsncs  is  shortsnsd  aors  hj  using  ths  part 
tias  augasntation  aarly  or  lata  in  ths  ground  roll.  It  was  also  prsriously 
shown  that  tha  anargy  gidnad  during  tha  ground  roll  is  aqual  to  tha  work  dona 
by  tha  azcass  thrust.  Thus ^ tha  aost  afficiant  point  to  usa  limitad  augasntation 
is  vhars  It  will  do  tha  aost  work/  that  is>  whara  tha  thrust  horsapovar  incrsass 
is  a  aaxiauB.  To  fix  this  concapt^  lat  us  assuns  that  tha  augaantation  proridas 
At  incrsasa  in  thrust  for  a  fixad  pariod  of  tias^  At.  Tha  distanca  trar^sd 
during  tiasAt  will  ba  As 

As  -  V  At 

Tha  work  dona  by  At  will  ba 

Awork  ■  At  X  As  ■  At  x  vAt  -  At?  x  At 
Froa  this  it  is  saan  aaodmua  incraasa  in  thrust  horsapowar  is  attainad  at  tha 
highar  spaads.  This  affact  is  saan  in  Figura  3»7eU»  Frua  this  it  is  sfidsnt 
that  tha  aaxiaum  incraasa  in  thrust  horsapowar  is  obtained  by  waiting  until  tbs 
aircraft  has  gained  spaed  before  using  ths  part  tiaa  augaantation  actually  it 
is  dasireable  to  tiae  the  augasntation  so  that  it  tendnates  Just  as  tha  air¬ 
craft  attains  a  safe  speed  and  altitude. 
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Thrust  and  Velocity  vs  Time 
Takeoff  Roll 


Augnented  Thrust 


Unaugmented  Thrust 


Time  t 
Figure  3.7.Ua 


THP^  vs  Tine 

a 

Takeoff  Roll 
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3.7a«U  TEST  DATA  CORRECTION  METHCDS 


B«c«u8«  s«ro  vind^  standard  day  conditions  can  not  ba  obtainad  at  will, 
it  is  nacassary  to  hava  nathods  at  our  disposal  to  correct  tha  data  to  thasa 
conditions*  Sinca  larga  darLations  from  standard  ara  tha  axcaption  rather  than 
tha  rul%  it  is  pamissibla  in  som  cases  to  use  sons  rather  crude  nathods  with¬ 
out  serious  error*  If  larga  corrections  ara  required^  howarar^  nora  precise 
■athods  aist  ba  used* 

3.7aeU  WIND  OTBCTS  AID  CORRECTIONS 

Taking  off  with  haadidnds  or  tailwinds  obviously  affects  tha  ground  roll* 


Tha  degree  to  which  winds  chmga  tha  takeoff  or  landing  roll  way  ba  datarainad 
from  aquation  3*7«7« 

Sinca  wa  are  interested  in  ground  distenca  wa  shall  consider  only 
▼alocitias  relatiTa  to  tha  ground.  That  is^  whan  taking  off  into  tha  wind 
tha  ground  spaed  at  takeoff  is 


where  V.pQ  -  tha  saro  wind  takeoff  velocity 

-  the  takeoff  velocity  with  wind 

*  tha  headwind  component  along  tha  runway 
A  means  of  correcting  tha  ground  roll  for  tha  affects  of  wind  is  obtainad  froa 
aquation  3«7«7  which  gives  tha  ground  roll  without  wind,  Siailarly  tha  ground 


roll  with  winds  is 


V 

STT“Tfy- 


ou^tituting  ^TO  ♦  V  for  tho  t«k«off  velocity,  ^TO,  in  equation  3.7.7 
ffid  taking  the  ratio  of  S/S^  gi^ea 


Fx*(m  this  it  is  seen  that  the  takeoff  roll  with  no  wind  is 


Equation  3*  7.13 

whore  *  iTican  acceleration  with  winds 

a  ■  mean  acceleration  without  winds 

This,  then  constitutes  a  correction  equation  for  reducing  the  test  ground  roll, 
$  obtained  with  the  wind  blowing  to  a  no  wind  condition*  This  correction 
mat  be  applied  before  other  corrections  can  be  wade* 

Most  aircraft  exhibit  slightly  different  nean  excess  thxuet  during  take¬ 
offs  with  and  without  winds,  that  is 


(T  -  R), 


^^1.0 


(T  -  R) 

To  account  for  this  factor  an  e^sirlcal  relation  which  is  good 
winc^are  less  than  10  knots  has  been  developed. 


as  long  aa  the 


Equation  3«7*13a 


S  -  (1  _ ) 


1.85 


'TO. 


Tha  wind  correction  for  the  air  phase  is  a  siaple  iiatter«  The  aircraft 
nores  relatire  to  the  air  aass  with  reference  to  the  ground;  therefore^  it 
follows  the  same  flight  path  relative  to  the  air  whether  the  wind  is  blowing 
We  have  only  to  accoimt  for  the  drift  of  the  air  mass  relative  to 
the  ground  during  the  tine  the  aircraft  climbs  to  50  feetc  If  the  wind  velocity 
is  assumed  constant  from  ground  level  to  50  feet  the^S  correction  is 


As  *  t  Equation  3«7eU4 

where  t  is  the  tine  from  takeoff  to  50  feeto  The  wind  actually  Increases 
with  altitude;  however^  ignoring  this  fact  does  not  cause  significant  error 
as  long  as  the  winds  are  low«  Ekqpirlcal  relations  are  available  to  compensate 
for  this  effect  but  they  are  not  generally  requirede 

Adding  the  above  correction  (Equation  3.7«lU)  to  the  test  value  (with 
wind)  gives  the  air  distance  with  no  wind 


S,  *  ♦  AS 

3.7<.l.Ub  THRUST  HEIGHT  AHD  DEHSITI  CORRECTIONS 


The  exact  relationships  within  the  restrictions  of  the  ntan  excess  thrust 
assuoption  are  given  for  the  ground  roll  and  air  phase  in  equation  3.7.7  and 
3.7.12.  From  equation  3.7.7  the  ground  roll  correction  equation  becomes 
(Hef.  3  Appendix  II) 


/!t_T 

Wt  Vs  “ 


>  1 


Equation  3.7.15 
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’:hcre 


Sg  =  ground  roll 
T  ■  r.ean  net  thmst 
^  »  density  ratio, 

V/  *  aircrr*>i‘t  gross  weight 

Subscripts  t  and  s  refer  to  test  and  standard  conditions# 

This  equation  corrects  for  nonstandard  weight,  altitude,  and  thrust.  Its 
derivation  depends  on  the  assumption  that  the  lift,  drag  and  friction 
coefficients  are  constant  during  the  ground  roll  and  that  lift  off  occurs 
at  the  sane  lift  coefficient  on  tost  and  standard  day#  These  assumptions  are 
acceptable  since  the  aircraft  is  at  constant  angle  of  attack  through  most  of 
the  ground  roll  and  runway  surfaces  arc  uniform,  i#e#,  smooth  and  made  of  one 
type  of  material.  The  constant  angle  of  attack  assumption  is  poorest  just 
prior  to  lift  ofi  since  the  aircraft  is  rotated  to  a  flight  attitude  at  this 
point. 


These  srrr.c  assumptions  arc  employed 
c'^uation  for  the  air  phase  from  equation 
Reference  3, Appendix  II  and  the  equation 


\  G-t  h  1 

6'b  '"*1 

50 

1 

(d 

CO 

+  ^*t  ( 

[h. 

Wt/ 

in  the  derivation  of  the  correction 
3.7.12.  The  derivation  is  given  in 
is 

Equation  3# 7# 16 


The  terms  of  the  equation  have  been  previously  defined. 

This  equation  corrects  for  the  same  conditions  as  3.7.15  and  is  subject 
to  the  sane  limitations.  However,  the  assumptions  made  may  not  be  as  valid. 
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Experience  has  proven  them  to  be  sufficiently  accurate,  however*  Equation 
3c7el5  and  3e7«16  are  referred  to  as  the  "exact  correction  equations"  since  the 
assumptions  made  are  acceptable  on  todays  fixed  wing  aircraft  and  especially 
since  most  normal  corrections  are  less  than  5  or  10  percent  of  the  total  take¬ 
off  distances.  New  or  more  refined  methods  may  be  required  for  V/STOL,  heli¬ 
copter  and  other  type  aircraft. 

Another  less  accurate  approach  to  the  correction  problem  is  used  because 
of  its  simplicity  of  application.  Its  validity  depends  on  the  assioqption  that 
the  corrections  to  be  made  are  small.  It  is  referred  to  as  the  differential 
or  exponential  correction  iiethod  since  it  is  derived  by  differentiating 
equations  3  .  Id  and  3,7,12  and  may  also  be  express  in  e^qsonetial  form  by  in¬ 
tegrating  the  differs tial  forms.  The  derivation  is  found  in  Reference  3, 
Appendix  II  and  the  final  equations  are  as  follows; 

Differential  Form: 


Aw 

r,  ^  .  R  n 

»  Ag-  at 

"I  t  ^ 

w 
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BLANK  PAGE 


Exponential  Forra:  Obtained  by  integrating  the  differential  forms 


Where  T,  R  and  D  are  the  mean  values  of  the  thrust,  resistance  and  drag  during 
each  phase. 

At  first  glance  these  equations  do  not  seem  to  have  been  simplified  at 
all;  the  coefficients  or  exponents  are  very  complicated  quantities.  Further 
examinc-ti-^n  of  these  exponents, however,  reveal  that  the  mean  thrust  and  drag 
for  a  f^ven  aircraft  should  remain  constant  at  any  given  speed  during  takeoff, 
x'uthermore,  it  is  found  that  the  energy  change,  hy,  also  remains  approximately 
constant.  Thus, if  these  values  are  deteniined ,the  coefficients  or  exponents 
are  constant  for  the  aircraft  concerned.  In  addition,it  has  been  enQ>irically  ^ 
shoTm  that  these  exponents  remain  constant  enough  for  a  given  class  of  aircraft 
to  permit  respectable  corrections  to  be  made  to  test  data  providing  the  correc¬ 
tions  are  small,  say  less  than  five  percent. 

l^ecent  work  on  jet  and  turboprop  aircraft  has  changed  the  format  of  the 
exponential  equations  to  forms  more  easily  applied  to  particular  engine  in¬ 
stallations,  A  few  of  these  equalu-ons,  with  representative  exponents,  are 
given  for  current  jet  and  turbopropeller  aircraft. 
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Jet  Aircraft 


Turboporp  Aircraft  -  Constant  speed  propeller 


where  N  •  RTM 

P  «  ambient  pressure 

!IOTE‘.  The  e^onents  should  be  checked  for  each  indiyidual  aircraft  if  accurate 
corrections  are  to  be  made.  More  detailed  information  for  this  type  correction 
is  found  in  reference  3  and  U« 

3o7.1oUc  MISCELLANEOUS  CORRECTIONS 


Runway  slope 

Runway  slope  merely  changes  the  effectire  thrust  of  the  aircraft.  It  is 


Figure  3c7o5 


seen  in  Figure  3. 7*5  that  the 
effective  thrust  is  increased  by  an 

amount  proportional  to  the  since  of 
the  angle  0  )  T  ■  W  sin  0 

adding  this  mount  to  test  mean  thrust 
(T  -  RL  »  glTSS  (T  -  R)  ♦  W  sin  0 

*  B 


3-lSU 


writing  equation  3* 7* 7  for  test  (vlth  slope^  subscript  t)  and  standard  (sero 
slope ^  subscript  o) 


S  .  w  .. 


.  W  'TO 

2g“  "^(T  -  R),  ♦  W  sin^ 


and  taking  the  ratio  of  the  two  gives 

a 


(T  -  R)in  ♦  W  sin0 
- 


This  may  be  reduced  to 

V  •  \ 

From  equation  3,7.17b 


W 

TTttj 


—  sln0 

n 


(T  -  R) 


m 


w  ^  ''to 


W  sin  0 


Substituting  this^  the  above  becomes 


Equation  3«7.17a 


Equation  3* 7* 17b 
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sin  6 


TO* 


Eqaation  3*7«l8 


lift  Coefficient  Variation 

By  varying  technique  the  pilot  is  capable  of  changing  the  lift  coefficient 
at  takeoff  and  at  50  feet«  If  this  variation  is  large  it  nay  be  desirable  to 
make  corrections  to  reduce  the  scatter.  This  is  done  by  adjusting  the  takeoff 

Q 

velocity  and  distance  in  proportion  to  the  change  in  L.  Weight  and  density 
are  not  varied  here  since  they  are  accounted  for  in  equations  3. 7*15  and  3.7.16 
which  assume  constant.  If  corrections  are  made  they  should  precede  the 
weighty  density  and  thrust  corrections  of  the  forementioned  equations. 

After  the  standard  liftoff  has  been  selected^  the  corresponding  true 

V 

speed  at  liftoff,  TO2,  can  be  calculated  for  the  test  weight  and  density 


'TO. 


VP 


Equation  3.7.19 


If  the  subscripts  1  and  2  are  used  to  denote  the  test  and  standard  condition 


the  takeoff  distance  equations  can  be  written  as 
S 


V  2 

,  .  w  TOl 

1  *  vr^\ 


v2 


,2 

S.  _  W  _  f  TO2 

2  5i*(rrTiT  - - 
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V 


cirividing  the  second  by  the  first  gives 


Equation  3* 7*20 


This  then  is  the  Cj^  correction  equation  for  the  ground  roll.  The  mean  acceleration, 
a,,,^  ,  will  generally  be  different  from  aj^^  because  of  the  change  in  takeoff 


speed  and  v/ill  have  to  be  evaluated  for  each  individual  aircraft. 

The  airphase  is  corrected  in  a  similar  manner.  The  standard  C.  is  selected  for 

L 

the  So  foot  point  and  the  corresponding  true  speed  coii5)uted  as  before.  The 
equations  for  the  test  and  standard  C. ’s  are  written  and  divided  as  before, 

li 
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For  a  50  foot  obstacle  height^  h,  the  correction  equation  is. 


affect  the  result. 

An  important  consideration  in  making  any  corrections  is  the  order  in 


which  they  are  made.  For  takeoff  and  landing  corrections  the  order  is  as  follows 
lo  Wing 
2*  Runway  Slope 
3w  Lift  Coefficient* 

Ue  Weight*,  density  and  thrust* 

*  Not  normally  made  for  landings. 
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UT-’DING  PERFORI'ja'ICE 


Squally  important  if  not  more  important,  than  getting  the  aircraft  into 
tne  air  is  getting  it  safely  back  on  the  ground.  If  an  aircraft  cannot  be 
easily  and  safely  landed  it  is  of  little  use  in  accomplishing  its  mission. 
Unfortunately  landing  performance  is  sometimes  woefully  neglected  in  tests 
because  of  its  great  dependence  in  pilot  technique.  Sometimes  results  show 
virtually  no  correlation.  Not  to  be  thwarted  by  this  past  experience,  it  is 
the  purpose  :)f  this  section  to  point  out  reasons  for  the  lack  of  correlation, 
analyze  the  landing  problem  and  develop  theoretical  equations  which  can  be 
used  as  a  basis  for  making  realistic  corrections  to  test  data. 

3 o 7. 2.1  THE  BASIC  PROBLEJ^I 

The  basic  problem  involved  in  landing  performance  is  that  of  dissipating 
in  the  shortest  time  the  energy  possessed  by  the  aircraft  as  it  clears  an 
obstacle  (*^0  ft)  at  the  end  of  the  runway.  This  energy  can  be  depleted  by  any 
combination  of  drag,  friction,  or  reversed  thrust.  The  basic  force  relation¬ 
ship  is  the  same  as  that  used  for  takeoff  (Equation  3.7.1)  except  that  the 
thrust  vector  if  applicable  is  reversed. 

T-D-^(W-L).|a  Equation  3.7.1 

Obviously  duriP.r  the  airphase  the  only  force  acting  to  resist  the  rao.ion 
of  the  aircraft  is  the  drag.  While  theoretically  it  would  be  practical  to 
reverse  thrust  while  still  in  the  air  it  creates  rather  severe  control  problems 
and  therefore  is  not  a  safe  procedure.  The  drag  may  be  increased  in  a  number 
of  ways.  First,  the  gear  is  normally  down  during  the  approach  and  creates  a 
large  drag.  Also,  lowering  flaps  to  the  full  down  position  creates  con¬ 
siderable  drag  and  also  adds  the  additional  dividend  of  lowering  the  approach 
and  touch-down  speeds.  Speed  brakes  or  spoilers  if  the  aircraft  is  so  equipped 
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will  add  an  additional  ineraMnt  of  drag  idien  axtandad*  Som  alreraft  utilisa 
a  snail  approach  ohuta  dating  approach  «id  landing  to  fhrthar  ineraaaa  tha  dri^« 
It  ahould  ba  racallad  that  tha  Hft-drag  ratio  datamlnaa  tha  gllda  alopa  of 
tha  aircraft  ao  that  tha  Incraaaad  drag  ahortana  tha  airphaaa  by  alloving  a 
ataapar  i^da  alopa  nlthont  Ineraaalng  apaad.  Hnea»  high  drag  wd  ataap  gllda 
angla  within  tha  Uaita  of  tha  flara  capability  of  tha  alreraft  am  daalrabla 
during  tha  final  approach.  In  aona  aircraft^  earxy:|ng  high  power  and 
flying  on  tha  back  aide  of  tha  power  required  curra  allowa  a  ataapar  approach 
to  ba  nada  with  batter  control  and  flam  capability.  Tha  optlMua  approach 
for  the  ahortast  landing  diatancaa  nuat  be  dataminad  for  each  nodal  alreraft. 

D 

The  flam  or  roundout  la  an  liqportant  portion  of  tha  lan^Uj^  «id  la 
highly  dapsidant  on  pilot  taehnlqua,  Hoat  aircraft  gaam  will  not 

wlthatand  tha  Impact  Iqpoaad  by  final  approach  mtaa  of  alnk^  tharafom^  It 
la  naoaaaary  to  raduea  tha  alnk  mta  to  within  allowdbla  Unite  ty  flaring  or 
munding  out.  For  nudnun  parfomanea  tha  flam  la  aeeo^>liahad  at  tha  lataat 
poaalbla  tlna  conalatant  with  aafaty,  gear  linlta  and  bouncing  of  tha  alroraft. 
If  tha  aircraft  bouncaa  after  touchdown  It  looaaa  nuch  raluhbla  tlna  on  tha 
ground  which  could  have  bean  uaad  for  appUcatiw  of  brakaa^  thxwat  raramal 
and  daplcynant  of  tha  drag  chute.  Note:  A  parfomanea 

normally  mtad  aa  a  aoUd  to  a  hard  landing  with  no  bounce  (never  a  "gmaaa 
To  pravant  bouncing^  tha  flapa  am  aomtinaa  mtractad  on  Inpaot^thua 
reducing  tha  tenancy  to  bounce  by  reducing  the  Uft.  (Thia  taehnlqua  ahould 
ba  approached  with  caution,  however. )  This  la  also  accomplished  for  tha 
"backside”  power  approach  by  chopping  the  throttle. 


After  touchdovn  the  object  is  to  increase  the  resistance  as  mch  as 
possible^  that  is,  apply  brakes,  deploy  the  drag  chute  and  reverse  thrust 
in  a  sequence  dictated  by  their  relative  nagnitude  and  cc^tribution  to  the 
total  resistance  (the  most  effective  being  done  first).  The  question  arises 
as  to  which  produces  the  most  resistance,  keeping  the  flaps  down  thereby 
maintaining  the  aerodynamic  drag  and  high  lift,  or  by  retracting  the  flaps, 
thus  reducing  the  lift  and  increasing  the  load  on  the  wheels  md  braking 
force.  ?^ote,  the  same  problem  arises  as  to  keeping  a  nose  high  (high  C  ) 
attitude  of  an  aircraft  with  tricycle  gear  or  lowering  the  nose  (low  Cj^)  s 
allow  maximim  braking.  Some  insight  into  this  problem  is  gained  by 
plotting  the  braking  force  and  aeroc^amie  drag  versus  velocity  for  high  and 
low  lift  and  friction  coefficients.  For  an  aircraft  which  is  capable  of 
developing  high  drag  as  compared  to  the  friction  force  it  is  more  expedient 
to  maintain  a  high  lift  coefficient  throughout  the  ground  roll.  As  shown  in 
Figure  3.7*5a  a  nigher  total  resistance  is  attained  under  these  conditions. 
On  the  other  hand,  however,  if  the  aerodynamic  drag  is  low  relative  to  the 
friction  force  it  does  not  pay  to  utilize  aerodynamic  drag.  As  shown  in 
Figure  3. 7.5b, the  total  resistance  is  more  at  low  lift  coefficients  at 
high  speed  but  there  is  Uttle  difference  at  the  lower  speeds.  From  this  it 
is  seen  that  the  answer  to  the  question  is  not  clear  cut  but  must  be  decided 
for  each  t:;rpe  of  aircraft  and  runway  surface.  "I 


High 


Figure  3.7.5«  High  Aeitx^amic  Drag  and  Low  Friction 
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Figure  3.7.5b  Low  Aero^nainic  Drag  and  High  Friction 


Figure  3.7.5a,b  variation  of  aerodynamic  drag  and  braking  friction  with 
□ 


velocity  for  high  loiv  lift  coefficients* 
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Othtr  techniques  can  be  devised  to  take  advantage  of  a  particular  air¬ 
craft  charactariatica  and  configuration.  For  instance,  holding  full  back 
stick  during  ground  roll  of  an  aircraft  having  tricycle  gear  not  only  in¬ 
creases  the  drag  by  the  anount  of  the  projected  frontal  area  of  the  control 
surface  but  it  also  increases  the  down  load  on  the  nain  gear, thus  allowing  a 
greater  braking  force.  The  improvements  in  landing  performance  obtained  hy 
some  techniques  may  not  be  too  significant  but  they  should  be  given  due 
consideration. 

To  summarise  the  previous  discussion,  there  is  some  niniaui 
distance  which  is  deterained  by  the  navi  tin  approach  glide  angle  consiateiit 
with  safety;  the  shortest,  nost  abrupt  flare  consistent  with  gear  Halts  and 
aircraft  flying  q[ttalitie8;  and  the  maxlauw  resistance  during  ground  roll, 
iny  deviation  from  this  technique  causes  increased  distance  and, therefore,  is 
not  optimum.  For  instance,  with  a  long  low  approach  and  a  gentle  flare  it  might 
be  possible  to  attain  short  ground  rolls  but  it  does  not  improve  the  total  dis¬ 
tance  to  clear  an  obstacle.  On  the  other  hand  a  steep  glide  which  caueee  the 

□ 

aircraft  to  bounce  may  shorten  the  air  phase  but  it  lengthens  the  ground  roll. 

Before  leaving  the  subject  of  pilot  technique  it  would  be  well  to  note 
that  the  previous  discussion  has  not  been  particularly  concerned  with  aircraft 
handling  qualities  which  quite  frequently  dictate  the  permissible  technique. 

This  Is  because  control  at  very  low  speeds  is  rather  marginal  and  abrupt 
flares,  etc., may  create  unsafe  flying  conditions  such  as  loss  of  lateral  control, 
stall,  etc. 
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3»7o2e2  LANDING  FERfORMANCB 

Th«  p^rfonanct  relationships  for  landing  are  o^'tained  in  the  saaa  mgr 
as  the  takeoff  sqaations  3«7«6  and  3«7*11  aoccspt  that  for  the  ground  roll  the 
integration  is  from  the  touch  down  speed  to  sero  weloeitj  and  the  airphase 
fron  to  7^.  Considering  the  ground  roll  firsts  the  equation  is 


For  lendings  the  thrust  is  sero  or  is  at  least  e  nlniauw  ;therafore  «the  equation 
becomes 


Equation  3.7»22h 


If  as  for  takeoffs  the  mean  resistance  m&j  be  consider^  to  act  throughout 
the  landing  roll  the  distance  is 


V  ^ 

m  ^  X  TO 

*  TT  1C 


Equation  3* 7. 22b 


lan 


The  aixphase  equation  is  obtained  in  a  sinllar  wanner  except  that  the  thrust 
tern  is  not  neglected  since  power  is  sonatiwes  used  during  the  iq>proach. 


Equation  3*7.23e 
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Using  the  nean  resistance  approxlBatioii 


or  in  terns  of  then 

.  -.y  *  go)  EquaUon  3.7.23b 

^■ean 

Note  the  sinilarity  between  these  equaUons  «id  their  takeoff  counterparts, 
equaUon  3,7.7  and  3-7.12.  The  negatire  sign  for  the  landing  air  distance  may 
appear  to  be  a  problem  until  it  is  realized  that  the  mean  excess  thrust,  T  -  R, 
is  also  negative  causing  to  be  positive  as  well. 
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On  the  surface  It  would  appear  that  landing  performance  is  equally 
aa  predict^le  as  t^eoff .  This  is  not  neeeesarilj  true  since  landings  do 
not  start  from  the  sa*qe  Initial  conditions |  that  is^  the  sane  speed  over  a 
50  foot  obstscls.  Tbos^pilot  technique  is  a  great  variable  in  setting  up 
the  same  speed  md  flide  path  at  the  ^0  foot  point  to  say  nothing  of  the 
flare  and  tonelidomm  or  the  braking  applied.  Friction  coefficients  given 
in  table  3.7A  vary  widely  (50  to  100  percent)  for  constant  braking  on  a 
given  surface.  This  alone  can  account  for  a  large  deviation  of  a  seemingly 
perfect  landing  from  the  predicted  value.  It  is  for  these  reasons  and  others 
mentioned  previously  that  detailed  correction  of  flight  test  data  is  a  futile 
and  frustrating  process  for  the  engineer,  While  corrections  similar  to  those 
made  for  takeoffs  are  made  for  landings^  too  much  cannot  be  expected.  Some 
of  these  are  outlined  in  the  following  section. 

Wind  and  runway  slope  corrections  are  the  sane  as  those  outlined  in 
Section  3.7.1«Ua  and  c. 

3.7. 2, 3  LANDING  CORRECTION  EQUATION 

A  correction  equation  for  the  ground  roll  is  obtained  from  equation  3.7.22b 


Equation  3* 7.22b 


If  it  may  be  assumed  that  the  test  and  standard  day  lift  coefficient  are  the 
same  at  touch  down  then 

2 

t  •  w  •  i  s  Cr 


or 


®  ^ 

ID  <r  Po  S  fl, 


3-166 


Substituting  to  aqpiation  3«7«22b 


s.  .  _  1 

8  <r  *  15-  *  s  Cj, 

I 

Writing  this  equation  for  test  end  standard  day  and  taking  the  ratio  glree 


If  the  resistance  is  assuaed  cMisttfit  on  tMt  and  standard  day  the  correction 
equation  beooaes 

Iquation  3«7«2Ub 


While  equation  3«7«m  can  be  used  to  correct  a  landing  to  stwdartl 
condiUons  (ifeight  and  atnoephere)^  experience  has  shown  the  weight  corxaetion 
to  be  \msatisfactoz7  for  correcting  a  large  number  of  landings  to  one  standaxxi 
value.  This  occurs  because  of  the  large  variation  in  test  data  caused  by 
technique c  For  this  reason  weight  corrections  are  generally  oaitted  for  the 
reduction  of  landing  data. 


SECTION  h 


PO’'.’ER  PLA!:T3 

hcl  niTRODUCTIGK 

Before  vje  can  go  on  vdth  our  analysis  of  flifho  test  rrjethods  for 
aircraft  oerfor-nance  we  must  learn  some  fandamentajs  of  the  power  plaiits 
used  to  propel  aircraft.  This  study  is  essential  toward  an  understanding 
of  the  uses  of  these  engines  and  of  their  relationship  to  the  performance 
of  the  airplane. 

The  design  of  the  first  successful  aircraft  engine  goes  back  tc  1901 
when  Charles  Lr.  iianly  developed  a  five  cylinder  water-cooled  radial  engine. 

The  engine  weighed  less  than  three  pounds  per  horsepov-’er.  The  engine  was 
developed  for  Pi'ofessor  Langley's  experimental  airplanes.  The  Wright  brothers 
engine  was  the  first  to  fly,  but  Manly's  engine  was  much  more  of  a  enginocring 
achievement. 


Pressing  needs  of  TOT  provided  the  impetus  for  develop7i«nt  of  the  liberty 
engine.  This  en-'^ine  was  unique  perhaps  becauso  of  the  speed  in  which  it  was 
designed  and  built,  LTien  ws  consider  that  the  normal  time  frem  the  initial 
conception  to  the  actual  running  of  the  engine  is  several  years,  the  scant  3 
months  for  this  work  during  the  sunner  of  1917  stands  out  as  a  remai’kablc* 
achievement, 

By  uho  late  1920's  the  t:ajes  and  arrangomer.to  cf  engines  aad  oictty  well 
crj^stallizcd,  and  progress  for  the  next  decade  was  largely  devoted  to 
refinement  of  design.  In  ';^encral,  all  durinf-  the  tliirti-s  -nd  up  until  the 
impetus  of  V.'.’II  began  to  be  felt,  each  year  saw  a  cert.cin  percentage  increase 
in  reliability  nnd  operating  life. 


Then  in  the  early  19hO's  ’Whittle,  in  Enf^land,  succeeded  in  his  efforts 
to  denonstrate  the  "or^h  and  possibiliti(!S  for  aircraft  use  of  the  turbine 
jet  t;,’pe  of  power  plant.  The  idea  of  jet  propulsion  was  further  brour;ht 
into  focus  b]/’  the  Ger’^ian  use  of  the  impulse  jets  in  the  V-1  and  the  use  of  the 
rocket  pother  plant  in  the  V-2,  In  England  and  perhaps  elsewhere  the  athodyd 
(ramjet)  was  receiving  serious  attention.  It  is  interesting  to  note  that  the 
underlying  principles  for  all  these  types  have  been  known  for  many  years. 

The  general  performance  that  could  be  expected  from  the  various  types 
of  engines  to  be  discussed  cnn  be  best  shown  in  the  Figure  U.1.1. 


Engine  Performance  Regime 


he 2  RECIPROCATING  ENGII® 

VJe  shall  begin  our  study  of  engines  by  first  considering  the  internal 
combustion  engine.  Neither  time  or  facilities  are  available  here  at  the 
Test  ri-lot  School  to  give  a  complete  course  in  internal  combustion  engines, 
jet  engines  or  rocket  engines,  nor  is  the  purpose  of  the  school  to  do  so© 

Such  a  course  would  reqxiire  months  of  graduate  study  at  an  accredited 
University 6  It  is  mandatory,  however,  that  the  test  pilot  have  some  under  ¬ 
standing  of  the  basic  fundamentals  of  these  power  plants c  Much  detail  has 
been  omitteci  from  the  following  material,  but  apolication  of  the  individual 
to  some  outside  study  vrill  greatly  increase  his  knowledge  over  that  presented 
here. 

)i»2^1  Schematic  diagrams  of  the  general  tj’pes  of  reciprocating  engines  in 
current  use  and  listing  of  their  major  component  parts  follows: 

Be  Supercharged  engine: 


Exhaist  Gases 


Fig. 

ii-3 


1.  Xngint 

2«  Qtart 


3u|»roh«ri«r 

Torbint 

9 

■  . 

5*TrAft«xx)ooltr 
b*  Compound  rngiiM: 


!•  Enfiii* 
2m  Otan 
3«  Toxbiiib 


Unsuptrchargtd  engine  o  A  beelc  engine  without  a  means  for  increasing 
the  intake  manifold  pressure* 

lie 2*2  Each  engine  above  has  the  sams  basic  operation  with  variations  in  the 
means  for  boosting  the  power  output*  A  piston  engine  gets  its  power  by  burning 

fuel  in  a  cylinder  and  moving  a  piston  which  is  attached  to  a  crankshaft. 

» 

Horraally  an  engine  makes  either  one  revolution  (2  cycle)  or  two  revolutions 
(U  cycles)  per  power  stroke, thus  getting  its  name  2  cycle  or  k  cycle*  The 
injection  of  fuel,  ignition, ^compression  and  the  exhaust  is  regulated  by  a 
camshaft  which  opens  and  closes  valves.  To  get  a  better  understanding  of  the 
operation  of  a  reciprocating  engine  lets  take  a  brief  look  at  the  strokes  of 
a  typical  Otto  cycle.  The  name  of  Otto  bears  the  name  of  the  person  who 
first  built  the  Beau  De  Rochas  engine  in  1876*  In  1862  Beau  De  Rochas  first 
put  the  internal  combustion  engine  on  paper  as  follows; 

Strokes  of  a  typical  Otto  cycle .o 

a*  Intake  -  Induction  of  the  combustible  material  (fuel-air  mixture). 

The  engine  operates  as  a  vacuum  punqs. 

be  Compression  -  The  cylinder  volume  is  decreased,  iricreasing  the  pressure 
of  the  fuel-air  mixture . 

Co  Combustion  and  expansion  or  power  stroke  -  Ignition  occurs  and  the 
chemical  reaction  increases  the  pressure  of  the  fuel-air  mixture  even  more 
end  moves  the  cylinder  back, 

dc  Exhaust  -  After  the  mixture  has  served  its  useful  purpose  or  done 
the  required  work,  it  has  to  be  removed  form  the  cylinder  to  make  room  for 
the  next  charge.  Following  the  exhaust  the  cycle  is  repeated  and  since  the 
operation  requires  four  strokes  the  engine  is  called  a  "Four-stroke-cycle". 


li.2,3  In  speaking  of  the  ideal  or  theoretical  Otto  cycle  the  following 
assumptions  must  be  made: 

Assume  no  effect  on: 

a.  Fuel  air  ratio 

b.  Characteristics  of  a  particular  fuel 

c.  Change  in  the  characteristics  of  the  fuel  as  it  is  burned 
d«  Variations  in  specific  heat 
e.  Heat  transfer  losses 
f«  Dilution  of  the  working  medium  with  exhaust.  All  the  burned  gases 

have  been  removed  and  a  fresh  charge  is  introduced 

g.  Leakage  or  throttling  during  induction  or  exhaust 
U.2#li  Air  is  assumed  to  be  the  v;orking  substance,  and  the  cycle  is  often 
referred  to  as  the  "Air  standard  cycle".  There  is  no  loss  of  heat  in  the 
system  and^^^is  assumed  to  be  supplied  or  rejected  without  heat  transfer 
losses,  A  pres sure -volume  (P-V)  diagram  of  an  ideal  Otto  cycle  is  as  follows: 


Pressure 

(P) 


Heat  out 


Volume 

(V) 


1^2  Isentropic  coir^ression 

2- 3  Constant  volume  heat  addition 

3- h  Isentropic  expansion  -  power  stroke 
h-1  Constant  volume  heat  rejection 

U«2e5  To  determine  the  net  work  developed  during  the  cycle  mentioned  we  must 
determine  the  area  under  the  curve  or^  work  ■  dVc  The  area  under  the 
curve  *  P  V  (ib/ft^)  (ft^/lb  of  air)  »  f t  -  Ib/lb  of  air  ■  work  done  ■ 
weight  of  air  x  B  T  U  /lb  of  air 
where 


1  u,*  ..  33000  ft  -lb/min 
^  778  ft-lb/BtU’~ 


HTU 


uf- 

Uc2«6  A  means  of  determining  the  P-V  diagram  of  a  reciprocating  engine  is 


accomplished  lath  a  planimetero  As  an  engine  piston  reciprocates  an 
attached  indicator  moves  with  it«  Thus^  the  indicator  pointer  moves 
horizontally  in  proportion  to  volume  changes  in  the  cylinder^  The  pressure 
vail  be  transmitted  through  the  connecting  tube  to  the  indicator  piston  so 
that  it  Tall  compress  the  indicator  spring  and  move  the  pointer  vertically  in 
por portion  to  pressure  changes  in  the  cylinder.  The  resultant  path  of  the 
indicator  pointer  is  in  a  line  representing  the  pressure  and  volume  in  the 
cylinder  at  all  points  throughout  the  cycle c  If  the  planimeter  were  reading 


the  pressure  aid  volume  of  an  ideal  Otto  cycle  the  resultant  picture  would 
be  as  shovm  in  Figure  U.2  J ,  If  we  were  to  consider  the  actual  cycle  then  all 
the  losses  would  have  to  be  considered.  These  losses  are: 


Intake  losses  -  inanifcld,  carbi'xetor,  valves 
b*  The  compression  stroke  ±ti  not  isentropis 

c*  Ignition  before  top  dead  center,  combustion  is  not  100^  effibietit, 
also  incomplete  and  not  instantaneous 

d.  Expansion  stroks  is  not  isantropic 

e.  Exhaust  flow  losses  ^  exhaust  manifold  and  valves 

f.  Friction 

Considering  all  the  losses  mentioned  above  the  actual  P-V  diagram  looks  as 
f olloifs : 


Actual  P-7  Diagram 


(V) 

Fig.  he 2.1* 

4-3 


r 


i 


In  considering  the  work  done  during  an  actual  cycle  ^one  aust  consider 
the  number  of  cylinders p  engine  RPM  and  air  density  for  a  given  fuel  air 
ratiOe  It  should  be  noted  that  the  shaded  area  in  Figure  li,2c2i  is  negative 
work  due  to  pumping  losses e 

Ue2.7  The  average  pressure  on  a  piston  during  a  cycle  is  called  the  indicated 
mean  effect  pressure  (iaep  or  P)«  Due  to  friction  losses  between  moving  parts 
of  the  engine,  not  all  of  this  pressure  is  available  to  drive  the  propeller 
and  the  equivalent  at  the  shaft  is  called  brake  mean  effective  pressure*  The 
average  net  pressure,  imep,  times  the  piston  area  is  the  average  net  gas 
force  on  the  piston,  and  since 

work  »  force  x  distance 
the  work  in  foot-pounds  per  cycle  is 
work  »  imep  x  A  x  L 
where  imep  is  in  p  s  i 

A  *  area  of  piston  in  square  inches 
L  •  length  of  stroke  in  feet 

Jork  per  unit  time  is  powers  therefore  the  indicated  or  Internal  horsepower 
in  a  four  cycle  engine  is; 


jjjp  „  (net  work/cyl/cycle)  x  (cycles/min)  x  no*  cyl* 

horsepower  constant 

or  more  conveniently  expressed 


IMP  « 


P  L  A  i:  K 


Equation  U*2*l 


wh«re  P  ■  itsop 


N  ■  RP-V^?  i'or  cycle  engine 
K  ■  ni»jnb«r  of  cyiUTidoi’s 

ku  aenti on.ee'  earlier  the  difference  beti^n  intemel  horsepower  and  'ohp 
is  the  wiechair.cal  efficiency  or 

'oh?  -  ih?  Bqu«tic:i 

■cix-.y .  x  L  a  A  t  K  K 

35,000  X  2 


lih-  ■  '  X  L  X  A  3:  N  r  K 

73,  .rX  ::  2 

If  we  considor  p:*.a'.v:»n  ther. 


Bqiio.  Acii 


tiien 


D  “  Giiii37.a»W).TCut  1?.  L  k  IS,  •  c‘-ib.‘.c  i-’c.ves 


_  3'  •  b?.3eT)  I”:  D  >:  N 

iTix  33.000  in  ?  T7T;boo 


Equavioa  L'.* 


li.f.S  The  e;ig?.ne  efficiency  Is  ener'^g  ov/^/istie:-'^’  i.r  or  po./er  out/W^'^*^’  i^i. 

The  follotjirg  are  ‘Jjlie  effici’.ercr.ea  rtslalved  to  er.gLniee: 

a.  acetal.  e.?f  -r- .  r-..2.? 


Hheixs  iUo?.  x2.cn:  ”  #/cee 
<?  -  V?£  ro  #/3'rU 
H  “  Keutinp  v;;!i.v.e  0:2  tee'. 


k~JJ0 
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b. 


ThenuJ.  efficiency 


.  indicated  work  produced  by  the  cycle 
“  enerny  added  by  fuel  plus  ooddiser 


IHP  X  SSO _ 


c. 


Mechanical  efficiency  ■ 


BHP 


d.  Propulsive  efficiency 


useful  work  done  on  an  airplane 
mechanical  work  done  by  the  cycle 


T  X  V 
BHP  X  550 


THP 

m 


Equation  U,2«6 


Equation  li.2«7 


Equation  U*2tB 


Iu2.9  Supercharging 

a.  The  supercharger  sir^jOy  raises  the  pressure  at  which  the  charge  is 
supplied  to  the  cylinder.  Basically,  any  kind  of  an  air  con5)ressor  having 
sufficient  capacity  and  capable  of  developing  the  desired  wanj  fold  pressure 
could  be  used  as  a  supercharger.  This  pressure  rise  can  be  shown  on  m  ideal 
Otto  cycle  as  below: 


Fig.  U«2.5 


70UJMB 

(V) 


vU-5)  beginning  of  exhaust  -  goes  to  Pa  as  in  unsupercharged  cycle* 

(5-6)  exhaust  sbj’oke 

(6)  intake  valve  opens  and  ejchaust  valves  close, and  the  clearance 
volume  is  filled  ><ith  air  to  Pmanifo'ji  supercharger. 

(7-1)  intake  stroke  fills  entire  cylinder  volume  at  constant 

(1-2)  Congress! on  stroke,  etc,  around  cycle  as  described  in  previous 
discussion  of  the  Otto  cycle, 

b.  In  order  to  supply  the  engine  cylinder?,  vdth  a  charge  at  I’ynanifold 
greater  than  P-.  a  compi-esscr  is  used.  Consider  the  Otto  cycle  in  greater 
detail  than  given  in  Figur:-; 


Fig.  h.z.e 


(1)  Assuae  that  the  volume  of  air  is  drawn  into  the  con^ressor  at 

This  is  point  6^ 

(2)  The  air  is  compressed  isentropically  to  Pp,  represented  by  the 
area  7-6-1-8  as  the  work  done  during  compressione  This  is  pumping  work.  The 
line  9-6  represents  the  volume  of  the  compressor, 

(3)  Intake  stroke  at  Ppj  is  8-1 

(U)  Compression  is  1-2 

(5)  Combustion  is  2-3 

(6)  Power  stroke  is  3-U 

(7)  Expansion  or  exhaist  is  li-9-7 

c.  The  area  1-2-3-h  is  the  resultant  work  done  by  the  compression  and 
power  stroke.  The  area  7-8-1-9  is  the  resultant  vox^  done  by  the  exhaust 
cycle 4  The  area  7-8-1-6  is  the  work  required  to  compress  the  air  up  to  P^ 
which  is  accomplished  by  the  compressor*  Therefore,  area  1-6-9  is  the 
difference  in  work  between  exhaust  and  the  intake  cycle  which  results  in  a 
negative  work  required.  This  is  the  work  required  to  boost  the  to  a 
manifold  pressure  Pjjj,  The  net  output  of  the  supercharged  cycle  is  area 
(1"2-3-W  (7-8-1-9)  -  (7-6-1-8)  or  area  (1-2-3-U)  -  (1-6-9). 

This  cycle  exhausts  to  condition  9«  Some  of  this  exhaust  could  be  used 
to  ejqiand  isentropically  from  condition  1  to  help  drive  the  compressor.  This 
method  is  utilized  by  the  turbo -supercharger  system. 


Ii-13 


1 


U.2.10  COMPOUNDING 

ao  In  addition  to  supercharging  ^thore  is  a  process  called  compounding 
which  can  be  used  to  increase  the  net  output  of  an  engine*  This  method  uses 
exhaust  gases  to  drive  a  turbine  which  is  connected  to  the  engine*  This  is 
sho'vn  in  Figure  h*2,2.  Lets  consider  a  P-V  diagram  for  a  compounded  engine* 


Pressure 

(p) 


VOLUI'E 

(v: 

Fif'c  h.2,7 

(l)  It  can  be  seen  that  this  diigraii.  the  same  as  the  super¬ 


charged  cycle  in  Figure  u,2v6  vdth  the  addition  of  area  i-'i.-5**6*  If  it 
were  possible  ’:,o  contiiiue  iscn tropic  expansion  along  the  line  h-5  more  v;ork 


could  be  delivered  by  the  engine.  This  has  never  been  acjompiishcd^  however, 
gains  have  been  mace*  The  area  would  be  available  for  additional  work 

if  U-5  v/ere  isentropic.  This  is  not  possible,  therefore,  area  h-ll-y  is 
practically  available  and  area  U-^-11  represents  the  losses.  However,  the  pressures 


in  the  exhaust  mronifold  cannot  equ'^1  P|^  since  it  is  necessary  to  discharge 


the  exhaust  gas  rapidly  from  the  cylinder;  therefore , exhaust  from  to  some 
lower  exhaust  pressure,  Pg,  r.ust  be  accomolished .  At  sea  level  the  exhaust 
pressure,  P^,  is  a.jproximately  equal  to  ambient,  P^.  As  altitude  increases 
Pg  remains  approximately  sea  level  pressure  while  decreases;  therefore,  a 
pressure  drop  Pg  to  P^^  is  available  between  exhaust  manifold  and  the  atmosphere 
to  be  used  to  operate  a  turbine  placed  in  the  exhaust  system.  The  exhaust  gas 
expands  without  doing  useful  work  from  P^  to  P^^q  and  exits  at  state  10  to  11c 
The  work  available,  therefore,  is  area  8-10-11-7  which  exceeds  the  pumping 
work  8-1-6-7  required  to  drive  the  si’percharger.  The  resultant  increase  in 
ava3‘’able  v/ork  is  the  area  1-6-11 -10*  This  is  used  to  compound  the  engine* 

(2)  Consider  a  diagram  of  a  supercharged  and  compounded  engine  as 
shown  below. 


Fig,  h.2.8 
U-15 


,9 


3  -  supercharger 
b  -  turbine  for  supercharging 
’  5  -  turbine  for  coiiqDounding 


The  above  diagram  shows  that  area  is  required  to  drive  the  super 

charger  which  is  negative  work.  Area  1-10-11-9  is  the  work  output  of  the 
conqpounding  and  the  resultant  v;ork  output  of  both  supercharging  and  compounding 
is  area  (l-lC-ll-o;. 
b.2*ll  ENGINE  LOSSES 

n.  The  approximate  heat  losses  in  the  actual  reciprocating  engine  are  as 


f olloi/s : 


(l)  In  the  combustion  prjces^:,  of  total  heat  added  -----  0.33J 


(2)  Corribu&tion  p.  ocass  duo  to  heat  transfer 

(3)  Incomplete  combustion 

(a)  Elxpansion  of  power  stroke 
(5)  Heat  loss  to  oil 


. 2.05? 


(6)  Intake  and  exhaunt 


Total  energy  loss 


0.3% 


. 2.65b 

ir.r 


This  indicates  that>Jjjj3  of  the  rjcipicoi mating  engine  5.3  about  88.6  p2rcent 
of  the  thermal  eriiciencs'’.  At  5C,000  feet  the  density  is  approximately  12 
percent  of  the  densliy  at  sea  level;  therefore,  at  $0,000  feet  the  power 
output  of  the  engine  will  just  about  make  up  for  the  losses  and  there  is  no 
useful  work  available  from  the  engine.  Some  slight  differences  between  engine 
may  be  expected,  but  for  a  first  approximation  this  simple  relationship  is 


3 


very  useful.  This  situation  requires  that  the  engine  is  at  wide  open 
throttle,  giving  its  earlMBi  hors^ower*  There  are  a  couple  of  equations 
vhich  may  be  used  to  approociaate  the  horsepower  at  altitude.  The  first  is 


BHP 


alt 


bhPsl  ) 


Equation  ii.2.9 


Consider  BHP  at  20,000  feet  vhere 


DKP 


20M 


-  1  (.5327  -  1  ■  .5327  ) 


is  .5327,  therefore, 
-  .1*708 


This  states  that  the  BHP  at  20,000  feet  is  equal  to  approximately  1*7  percent 
of  the  horsepower  at  sea  level. 


The  second  equation  is: 


therefore 


BHP, 


SL 


( 


Bqaatloo  U.2.10 


BHP, 


20M 


1  (  .5327  >  .1)  ,  .1*327  ,  .1*8 


14.3  Timo-J'-:? 

lu3a  HISTORY  P2iD  DiSVKLOK EI'7r 

As  far  back  as  l680  Sir  Isaac  Het^ton  had  built  a  model  horseless 


carriage  using  the  jet  propxilsion  principle  to  demonstrate  his  third  law 
of  motion:  "for  each  action  there  is  an  ecual  nnd  opposite  reaction" o  There 
are  no  records  sho-jing  that  this  i.iodel  v^s  operational;  The  theory  was  that 
the  jet  of  steam  escaping  from  the  nozsle  at  the  rear  of  the  boiler  T;ould 
propel  the  carriage^  but  it  is  very  ('oabtfiil  that  enough  thrust  was  produced 
to  move  the  carriage c  The  records  s'^ow  that  the  Til’s t  gas  turbine  in  the 
United  States  was  be-un  in  1902  under  the  supervision  of  Stanford  A.  IIoss  at 
Cornell  University..  The  InTormaiion  he  received  tlirough  this  project  ms  the 
basis  for  }iis  doctor's  thesis ^ 

The  iioinkel  Aircraft  Crn.inany  of  Cerraany  drjveloped  a  research  aircreft^ 
designated  the  He  17G,with  a  jat  engine  Tor  power  This  is  the  first  aircraft 
to  fly  using  tlie  principle  of  jet  propulsion  and  made  its  first  flight  27  August 
1939.  The  power  plrnt  was  a  Ucinhcl  turbojet,  the  He  S3B,  vdth  a  thrust  of 


880  to  1^100  pounds. 

In  1928  Sir  Frank  V7hitt].o,.  a  cadet  at  RPF  College  in  England,  prepared 
a  thesis  doscribinr  th.o  possibility  of  using  jet  propulsion  to  po!Jcr  an  air¬ 
craft  and  in  January  1930  he  applied  for  his  first  patent.  Because  of  lack 
of  funds  and  a  sponsor  he  was  not  able  to  develop  the  engine  until  1936  at 


which  time  he  i’ornied  the  company  called  Power  Jets,  Limited*  The  Air  Ministry 


supplied  the  financial  backing,  thus  Baking  it  possible  to  proceed  with  the 
derelopment  of  the  engine.  The  first  successful  flight  of  this  engine  and  the 
first  jet  flight  in  England  vas  on  lU  Magr  19U1  using  a  Gloster  E  28/39  air¬ 
craft.  The  pilot  was  Flight  lieutenant  P.  £.  G«  Sajer. 

The  United  States  and  England  had  an  agreement  during  World  War  II 
whereby  there  was  a  constant  interchange  of  ideas  so  that  the  derelopaent 
and  production  could  be  expedited.  The  first  Whittle  engine  under  this 
agreement  arrived  in  this  country  on  1  October  19Ul»  ^he  General  Electric 
Company  was  called  on  to  build  the  engine  to  Anerican  standards  and  Bell 
Aircraft  Corp.  was  to  build  the  airframe.  One  year  was  allotted  for  the 
project  and  the  actual  time  was  one  year  and  three  weeks  to  the  first  flight 
date.  The  first  pilot  to  fly  the  P-59A,  the  first  USAF  jet  aircraft,  was 
R.  M.  Stanley.  Colonel  Laurence  C.  Craigie  was  the  first  United  States 
Military  person  to  fly  the  P-59A  which  was  the  day  after  the  flight  by 
H.  M.  Stanley.  These  flights  were  conducted  at  Edwards  AFB,  California. 

This  is  a  very  quick  look  at  the  history  of  the  gas  turbines  Ad 
considering  the  progress  made  we  may  safely  conclude  the  future  of  jet 
type  propulsion  cannot  be  predicted. 

U.3.2  GENERAL: 

The  basic  principles  of  the  turbo-jet  are  quite  similar  to  those  of  the 
reciprocating,  except  that  it  enploys  the  Brayton  cycle  which  is  not  so 
familiar  to  most  Air  Force  people.  Most  present  diy  reciprocating  engines 
eo^loy  the  Otto  cycle.  The  fact  that  the  turbo-jet  deals  with  lau:*ge  changes 
in  temper  ature,  pressure  and  velocity  with  greater  volumes 


of  air  over  a  lon.^er  period  thj'*:  does  the  ricf.procsiving  engine  requires  that 
a  far  greater  detslived  and  nore  complicated  analysis  be  conducted  of  each  phase 


of  the  system.  The  follo’.rLng  material  p 
and  is  extremely  condensed]|  ho'jever,  it 


reaented  involTes  mariy  assumptions 
should  give  the  student  a  more 


fanaliar  working  kn»?wledge  of  the  component  parts  of  the  jet  engine  and  of 


their  relatior.sni.ps  to  each  other* 
I4.3.3  BRAYTON  CYCLE: 


A  schema’GT.c  diagran  of  the  engine 


a-  d  or.rr^fl;:ondi  ng  P-f”  is 


shown  below  in  Figures  b.,?*!  and  b.i.lo 


TURBOJET  aiGTNE 


Volutt 


Figure  Ue3<,2 

(a)  The  schematic  of  the  turbo-jet  shows  the  stations  as  follows: 


Station  0  -  -  -  -  «  Ahead  of  aircraft 

Station  1  -  «  -  „  .  Lip  Qf  intake  or  diffuser 

Station  1-2  - - Diffuser 

Station  2-3  -----  Con5)ressor 

Station  3-U  -  -  -  -  *^  Burner 

Station  h-5 -  Turbina 

Station  5-6  -  .  Nossle 


Station  6  -----  End  ©f  Noiale  (atmospheric) 

Station  5*  to  6*  (Dashed  Area)  «  »  -  Afterburner 


(b)  Cor.cider  the  ideal.  P-V  diagram.  The  dlffuder,  stafeion  i«2,  slowa  the 


air  down  all*>wing  the  pressure  to  rise.  The  co!np:res5or^  etahlon  2-3 >  increase# 
the  pressure  more.  From  station  3-U  fVie?-  is  added  tv  the  ail**  and  ignited.  This 
burning  takes  place  at  cucislant  pi‘e3s\irc„  This  healed  air  is  Cj'^obed  thL'Ough 
a  turbine  sj-lowiiig  expijisicco  At  po:j.it  $  the  a.lr  is  completely  through  the 
turbine  and  is  entoiing  the  uozzie.  For  a  non**at’tfcrburnirig  engine  the  air  is 
cjq^ndsd  to  6  vihic'r*  is  the  Ac.  afterburner,  which  is  usually 

part  way  devn  the  nozr.le  at  point  '  J,  >hLli  change  the  P-V  diagram  as  ahoi«i.  The 
ideal  Brayl.on  oynlc-  adds  heat  ut  cucstr.iv'.  p:.*c'ijstu*e,thui;  increasing  vc?.T:jne  to 
point  r*',  Tf;e  gcii  is  tr.cc  e,rpr..?.c.nd  .f-iruher  to  pn.i-it  (.»  whicli  .i.s  aga:.i  atT>ospheric 
pressure*  T},.e  artcC’b'..i’ner  ftectioc  r.rjx  pe  consi6^.ve»i  e  rum;*0t  and  the  ?-7 
diagram  for  a  ram/’ot  i,^  z  Pr«;yton  cyci.Cc  Tiiorei’cro,  tiv  afterburner  will  add 
a  scciicju  to  the  c.yc'.^^  'chi^h  looks  like  s.  Pm'/'O..'  cyc-’fto 

(c)  DIFFUSER: 

Air  cutsrir.g  the  engine  ij  .tlrnt  d.tff\  ?  Cv»C’>V;I't  its  kinetic  e  :e::'gy 
to  presiiura.  In  Sa*.  ideal.  coi'iCit.t  ju  thin  c  .v.v.j'ren.-ion  '  s.hoe  place  2*»3  rc:*sibly 
and  adiab£:-.ical.j.75  t.^ot  iij,  i3e.Vurv->p:.ca?.Iye  1'  aii  .’y.ije  the  piocrss  nay 

be  considei’od  s.sscntiall,/  sc!i?,batic  bit  .it  caz'L'.ot  be  c«v.x.dorod  as  ravcsrji-cle 

since  Iluid  friction  is  pvc.serit^  The  no^t  "j-idely  •’oed  c- civincy  of  tr.o  inlet 

□ 

diffuse’^,  .Morn/ij.j.y  call.ed  ram  efficiency,  is  ba^e-d  upen  actual  precioore 
rise  compared  to  t'.c  prets..re  .rist:  "./hie.  v.ooi.c  krk?  olccs  if  "he  p.Tojo^c  viere 
isentrcpic.,  Therefore,  i‘am  e.ff:  eiency  isj 


- 


II  r-tc  tual  -  *  o 


t  o  “ 


Equation 


If  V  assume  iaentroplc  co^pr•s8lon  tb]x>ug^  the  diffuser  then'^^  would 


be  100  percent  and  in  this  case  ^2 


♦ 


-I* 


.'21^ 


In  the  analysis  above  we  assume  that  the  velocity  of  the  air  is  zero  at 
station  2,  face  of  the  congress  or* 

(d)  COMPRESSCE  AND  TURBINE 

The  work  of  the  turbine  mist  equal  the  work  of  the  coiiqpressor,  because 
the  turbine  drives  the  conpressor. 

Work  of  Compressor  ■  ■  ^Pc  (^3  «  ^2)  Equation  li*3*2 

Work  of  turbine  •  '^t  -  ^Pt  (T^  -  T^)  Equation  lu3.3 

There  are  some  losses  through  the  turbine  and  the  compressor  and  these  are 
taken  into  account  through  their  respective  efficiencies «  Although  tlis 
compressor  work  may  be  considered  to  take  place  abiabatically,  it  cannot  be 
considered  frictionless*  The  conventional  method  of  expressing  compressor  H 
is  the  ratio  of  the  frictionless or  reversible^  abiabatic  compressor 
work  that  would  be  necessary,  between  the  limits  of  the  conpressor  pressures, 
to  the  actual  work  required  for  com3resslon. 

The  present  day  trend  is  to  present  the  conpressor  perfomance  using  the 
parameter  ^a  ^tg  eince  it  is  nore  pertinent  to  over  engine  per¬ 

fomance.  The  plot  most  commonly  used  for  this  presentation  is  ^t3/^t2  ymrsus 

with  line  of  constant  Line  of  constant  conpressor 

®ffitiencies  are  shown  also.  The  operating  line  for  the  compressor  is  shown 


when  it  ia  Kitcned  -idth  e  g*uS  turbii:*  an<2  ^.i-e  a*.,  a  conotarit  ram- 

piressure  ratio.  This  operating  iine  vnll!’  .ihlft  s'-Jghiiy  ;^lth  a  changte  ir. 
ram-pressiire  latio. 

The  surge  line  shi>wn  represents  the  oJ.  statle  ooirpressor  op^eratiorio 

Blade  stall  will  coo/jt  durir.g  a  conditio:-',  left  of  the  line  arx'-ompanied  by  a 
sharp  local  di-op  in  pressare  and  air  li/t-:*  Thie  oo-t^es  a  flow  leversal  and 
results  in  a  pulaatiiig  flow  and  changi.rig  load  rs^iuiremfints  caueing  rapid 
cyclic  V4i*iatiorit<  :Ln  t:ie  i‘:)hati  ,s-irge  line  position  vi.J.  vary 

with  the  tvpo  arc',  itvsigp  cf  the  ):iv:ro.>i'A'c  i.'-e  tM'h.tne  yelect'id  nrcst  ha;e 
characteristic.-.  .3'.:c>  wher  n.ti ;d  tit.',  tl:*;  jowpr'«fht t‘:e  opo2*ating  line 
is  to  the  rigid,  o."  the  lir.t-i  fcr  a*:'  -.or.ditioi'iH,  'I’otatlonal 

speeds  and  :*.‘v‘?.’t-pL'ev?ui'e  r *it:'-c.-: ,  k  t.vpl/ii  r-sitJ  ;iov  ;oiP.p;’o.':.^j  :*r  ‘pe?.'xOA?iC-i'.!ce 
map  or  perfom'aiic^j  ic?  i?,c.r>D  ir-  I,.'  ,:; 


The  effects  of  conpressor  efficiency  is  to  veiy  the  horsepower  required 
to  drive  the  compressor  when  delivering  a  given  pressure  at  a  given  airflow « 

A  lower  efficiency  would  reeult  in  a  higher  temperature  rise  and  a  higher 

» 

would  result  in  a  lower  temperature  rise,  considering  pressure  ratio 
being  unchanged.  A  lower  compressor  efficiency  meois  that  a  greater  turbine 
pressure  ratio  must  be  produced  to  develop  the  required  horsepower.  The 
result  is  a  lower  pressure  ratio  across  the  jet  and  lower  tailpipe  temperature^ 
both  of  which  mean  a  lower  thrust  output. 

The  reason  for  presenting  compressor  performance  in  terns  of  the  previously 
mentioned  parameters  is  that,  by  running  one  series  of  tests,  performance  can 
be  predicted  at  all  other  operating  conditions.  It  has  been  found  that 
Reynolds '  number  has  no  effects  on  full  scale  compressors  except  in  a  region 
of  veiy  low  speeds  and  flows, and  for  this  reason  it  is  not  even  conaidered. 

There  are  indications  that  Reynolds'  number  does  have  significant  effects  at 
high  altitude  operations.  The  selection  of  the  type  of  compressor,  centrifugal 
or  axial,  to  be  used  in  designing  an  engine  nomially  are  as  follows: 

Selection  of  a  centrifugal  conq^ressor 

(1)  1‘igher  pressure  boost  from  a  single  compressor  .thus  lower  cost. 

(2)  Mach  shorter  engine, 

Slection  of  an  axial  compressor . 

(1)  High  efficiency  at  high  pressure  ratio. 

(2)  High  capacity  for  small  diameter. 

(3)  .  otter  ac'.r.ptp.bility  to  operation  at  pressure  ratios  in  excess  of  four. 


f 


(e)  BURNERS 

Nomair.y  there  are  three  types  of  burners  used  in  jet  engines:  the 
counterflow  can -type  burner^  the  straight  flow  can-’type  burner,  and  the 
angular  burner. 

The  counterflaw  can-type  burner  requires  the  primary  air  to  travel  the 
full  length  cf  the  cans  before  irdxing  with  the  fuel  arid  the  sscondary  air 
flow  reverses  ite.  flow  as  it  enters  the  burner  cans  or  inner  chamber.  This  was 


first  used  t*'-  take  advantage  of  very  high  turbuianoc  which  is  conducive  to 
high  combustion  efficiencies^  The  die udvaii cage  of  chis  ser.up  is  two  fold. 

First,  the  high  friction  losses  f^r  exceed  the  gain.^  ic  combustion  ef f icienciea . 
Second,  the  phytii'caL'.  a.Tringement  is  such  that  it  'rr-.afui1.s  in  a  '^‘ery  large 
engine  diametero 

The  straight  flow  can-type  burner  is  similar  to  Ah^?ivncw  typv»^ 

but  the  diameter  of  the  engine  can  be  made  much  smaller.  This  &etup  has  a 
very  low  friction  loss;.  provides  even  air  dh-stribution  and  is  relatively  eaay 
to  manufacture.  The  system  is  the  most  used  in  the  aircraft  industry. 

The  angular  burner  is  a  straight  flow  type  which  offers  low  friction 
losses-  smalj  diameter  and  high  flow  rates.  This  33  a  single  banner  which 
completely  suz'.rounds  the  engine  between  the  compressor  and  turbine  and  contains 
several  fuel  noziles  spaced  evenly  around  the  inlet  to  the  burner. 

All  burners  are  normally  designed  to  produce  constant  pressure  burning) 
therefore^  there  must  be  low  veiority  in  the  area  of  initial  combustion  to 
keep  the  flame  from  blowing  out.  A  high  degree,  of  turbulence  is  conducive 
to  complete  combuotion  but  is  also  attended  by  high  firiction  losses  and. 
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therefore,  high  undesirable  pressure  drop,.  The  length  of  the  burner  must  be 
so  that  all  burning  is  completed  prior  to  the  turbine  and  low  velocity  will 
aid  in  accomplishing  thiSc  The  pressure  losses  mentioned  are  caused  by  two 
factors:  first,  the  pressure  loss  due  to  fluid  friction^  second,  pressure  loss 
due  to  the  acceleration  of  the  gases  by  the  addition  of  heat  In  most  of  the 
present  day  jet  engines  fluid  friction  is  accountable  for  a  greater  part  of  the 
pressure  drop  than  is  the  acceleration  resulting  fnm  heat  addition.  The 
design  of  the  perforated  inner  lining  and  other  obstructions  cause  high  friction 
losses  and  the  low  fuel  air  ratio  does  not  release  enough  heat  to  cause 
extremely  high  velocities  anywhere  in  the  chamber® 

From  this  we  can  consider  the  burner  only  a  place  where  the  temperature 
of  the  gas  is  raised  with  a  slight  effect  on  the  pressure  of  the  cycle.  The 
gas  pressure  entering  the  turbine  stations  is  slightly  lower  pressure  than 
compressor  discharge.  This  is  due  to  the  friction  losses  mentioned  aboveo 

(f)  NOZZLE: 

For  a  compressible  flow  a  nozzle  may  be  defined  as  a  channel  operating 
between  a  low  pressure  and  a  high  pressure  whose  purpose  is  to  change  enthalpy 
into  kinetic  energy.  Nozzle  flow  is  associated  with  an  expansion  from  a  region 
of  one  pressure  to  another  pressure  which  is  usually  lower. 

Despite  the  simplicity  of  the  nozzle  their  efficiencies,  characteristics  and 
functioning  are  not  completely  understood®  The  nozzle,  like  the  turbine,  is 
a  flow  device  v^hich  is  concerned  directly  with  the  total  and  static  pressure 
ratio  across  the  nozzle®  Like  the  turbine,  the  nozzle  has  what  is  known  as 
critical  flowj  therefore,  it  has  measurable  effects  on  turbine  performance  since 
it  is  in  series  with  the  turbine. 


Nossle  performance  curves  are  normally  presented  as  in  Figure 


It  can  be  seen  that  the  thrust  continues  to  increase  as  pressure  ratio 


increases  despite  the  fact  that  the  uirflow  has  reached  a  maximum  at  a  low 
pressure  ratio. 

An  afterburner  Kzy  be  used  inside  the  noLsAo  much  like  a  ramjet  engine. 
An  afterburner,  or  reheater,  is  a  device  to  augnient  thrust  by  burning  fuel 
in  the  unused  oxygen  of  the  turbojet  exhaust  gases.  The  afterburner  has  a 
Tery  high  rate  of  fuel  consumption  which  may  run  about  two  or  three  tiroes 
more  than  the  basic  engine,  but  its  tal:e-off  thrust  augmentation  can  reach  $0% 
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and  at  high  speed  as  Mich  as  100%«  For  short  range  Interceptor  type  aircraft 
the  dlsadrantages  of  the  additional  weight  of  the  burner,  the  lonered  per- 
f  or  nance  of  unaugnented  operation,  md  the  large  fUel  flow  are  nore  than 
offset  by  the  large  thrust  increase. 

The  theoxy  and  the  design  of  the  nossles  are  discussed  in  another  section 
of  this  handbook  and  will  not  be  covered  here. 

U.3.U  EFrICIENCr 

For  an  air  breathit  ^  engine  the  propulsive  jfflolencqr  nay  be  written  ass 


of  the  f 


Consider  Mechanical  work  as  a  change  of  kinetic  energy  which  is 

:  (V  -  V) 


Vy  ■  velocity  of  wake 
Vq  ■  velocity 
M  ■  Mass  ■  W/g 


T  X 


■VMUoa  11.3.1 


T  -  M  (Vy  -  Vo) 


M  (’W  -  ’^o)  ’^o 


IquUon  lt.3.2 


t 


The  following  can  be  deducted; 


When: 

Vq  -  ■  100%  and  T  «  0 

Vy  <  Vq  ^  there  is  drag 

V  >  V  there  is  thrust 

W  Of 


Figure  U.3.U 
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h.iia  INTRODUCTION 

Propeller  theory  may  seem  a  rather  obsolete  subject^  however,  rather 
recent  developments  such  as  the  turboprop,  ducted  fan  designs,  STOL  aircraft 
and  helicoptero,  to  name  a  few,  should  convince  the  reader  that  propeller 
theory”  is  indeed  a  live  subject  and  should  be  for  some  time  to  come«  This 
section  covering  propeller  theory  is  veiy  basic  and  will  present  two 
mot  nods  used  extensively  to  develop  the  propeller  momentum  theory  and  one 
basic  development  of  the  propeller  blade  element  theory, 
hj;.2  PROPS' nO.'IEUTini  THEOHI  * 

The  momentum  theory  for  propellers  considers  the  propeller  as  a  devise 
vrhich  changes  the  momentum  of  the  air  as  the  air  passes  through  it.  The 
change  in  momentum  of  the  air  by  the  propeller  creates  a  thrust.  For  con* 
tinuity  of  air  flow  through  the  propeller, i.©^, uniform  air  flow  in  front  of 
and  behind  the  propeller,  the  propeller  is  considered  t  o  have  an  infinite 
number  of  blades  and  is  usually  called  an  actuator  diskc  This  is  only  one  of 
tne  assumptions  used  in  the  momentum  theory  that  obviously  causes  the  results 
to  be  a  little  less  than  perfect.  Other  losses  not  considered  in  the  develop¬ 
ment  of  this  theory  are; 

Ic  Energy  lost  in  the  slipstream  rotation 
^2,  Propeller  profile  drag  losses 

3.  Losses  due  to  nen-uniform  thrust  loading 

1'.  Blade  interference  losses 

5.  losses  due  to  increased  drat  in  the  oonpressible  range,  i.e.,  Up  losses 
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It  is  iriterest::ng  to  note,  hwoTer,  that  even  though  the  above  losses 
are  not  taken  into  consicejatior;,  the  ideal  piopulfdve  efficiency  arrived  at 
using  the  momentum  theory  is  still  less  than  100^2. 

There  are  several  azia3ytical  methods  of  developing  the  momentum  theory# 
For  8i»5)lification  only  two  methods  vrili  be  discussed  in  this  section.  The 
first  method  x,o  be  considered  is  developed  as  follows: 


V 


Actuator  DisK 


Fi.rst.  assume  the  ii«K  is  tfiaLionu-'’y  in  an.  'iirstream  as  *thovm 

above.  The  air  moves  towsi'd  the  disk  with  a  .'clO';iuy  t.7  ,  and  its  velocity 
is  increajod  ty  an  amount  (v)  after  passi.'ig  through  the  disk.  The  thraot 
produced  is  equal  to  the  rate  of  charge  cf  ^here  momentum  is  equal 

to  the  masf  of  being  uioeierated  chcroug:.  th;-  disrj  liaiss  its  velocity.  If 
we  let  .fi  equfl.  the  mass  of  air  r.hat  goes  through  l>v:.  -ini:  i:i  unit  time,  then 
the  rate  of  ohaiige  of  moiuentum  irould  be  eoual  to  \u  v  which  as  stated  previously 
is  the  thrust  produced «  Now,  if  we  cori£.;der  che  actuator  disk  as  having  a 
forward  velocity  equal  to  V,  the  rate  at  which  work  is  expended  is  equal  to 
the  increase  in  kinetic  energy  of  the  air  through  vnich  it  is  passing,  i*e,. 


Equation  U.n.l 


Now, since  efficiency  is  defined  as  the  ratio  cf  the  pawer  output  to  the  poi-ier 
input,  and  since  powei*  is  equal  to  th^  product  of  /elooity  and  thrust,  the  power 


output  is  equal  to  m  v  V*  We  then  ge'y  the  following  equations 


w  V  V 

.  V  (7  ♦  i  v) 


1 


1  +  V 

5r 


Equation 


From  the  above^^  it  is  readily  apparent  that  the  propulsive  efficienqy  will 
always  be  less  than  100^  since  the  tenn  v/2V  in  the  denominator  will  always 
have  some  finite  positive  value.  Another  interesting  item  that  can  be  noted 
from  the  above  equation  is  that  to  approach  100/K  propulsive  efficiency  it  is 
necessary  to  decrease  v  or  increase  V.  It  f ollows, therefore ,  that  the  nost 
efficient  case  would  be  to  have  a  large  forward  velocity  (V)  ani  a  large 


actuator  disk  that  produces  a  small  increase  in  the  velocity  of  a  large  amount 


of  air  passing  through  it«,  This  also  defines  yhy  the  propulsive  efficiency 


of  a  turbojet  is  quite  low  in  cosparison  to  a  propeller, since  the  turbojet 
derives  its  thrust  from  a  comparaUvely  large  increase  in  the  velocity  of  the 
small  amount  of  air  that  passes  through  it. 


Another  method  of  explaining  mxnentum  theory  for  propellers  is  as  follows; 
The  propeller  is  again  considered  to  be  replaced  by  an  actuator  disk  which  is 
normal  to  the  air  flow  direction  and  has  an  area  of  a  circle  with  a  diameter 
equal  to  the  diameter  of  the  propeller.  The  air  is  considered  to  be 

incompressible  so  that  Bernoulli's  incon5)ressible  equation  may  be  used  between 
points  of  constant  energy. 

This  development  does  not  take  into  consideration  the  same  losses  as 
previously  discussed  in  the  first  part  of  this  section. 


Consldsr  the  actuAtor  disk  and  the  properties  of  the  air  passing  through 
the  stream  tube  as  shown  below« 

) 


Actuator  Disk 


Velocity  Variation 
Figure  h*t.2 

The  velocity  (V)  is  the  undisturbed  free  stream  velocity  and  (P)  is  the 
ani)ient  pressureo  The  increase  in  velocity  up  to  the  disk  is  denoted  ^V^ 
and  the  total  velocity  increase  is  denoted  as  £^2*  The  pressure  rise  through 
the  disk  is^^. 

From  Bernoulli *s  equation  the  total  energy  in  front  of  the  disk  (H^)  equals: 

P  +  ^ 1  P*  +  Equation,  11.4.3 

The  energy  behind  the  disk  (H^)  equals? 

2  2 
P’  +  AP  "  p  + 

From  these  equations  it  is  easily  seen  that  by  subtracting  from  Hg 
the  change  in  pressure  between  the  front  and  rear  of  the  actuator  disk  can  be 


found. 


H2  -  Hi  «  AP  - 


/5(V 


Equation  U.U«5 


/>AV2 

or  -  yOV  AVg  +  — ^ 

A  Vo 

and  AP  -  /^AVg  (V  ♦  “2“^  ) 


Equati^  l;.Uc6 


The  thrust  can  be  considered  as  the  actuator  disk  area  times  the  difference 
In  pressure  between  the  front  and  rear  surfaces  of  the  dlsk^  thus: 


Thrust 


(T)  *  A  AP  ■  A  ^Vg  ^^^2  which  is  equal  to 


Equation  U.lu? 


the  change  in  momentum  across  the  disk* 

The  Hass  Flow  (m)  ■  A  /O  (V  AVq^) 


Equation  U.U.8 


or  T  *  m  (V^  -  Vq)  where  «  wake  velocity  and  ■  free  stream  velocity. 


or  V  -  V  -  AV. 
w  o  < 


A  T  •  A/0(V  +  AV;^)  AVg 
Equating  these  two  equations  for  thrust  v/e  have; 

AVo 


Equatlm 


A  p  AVg  (V  +  -y  —  )  •  k  p  (V  +  AVj^)  A  V, 


Av 


V  +  Av, 


AVg  •  2  AVj^ 


Equation  luhtlO 


Therefore, half  of  the  velocity  increase  occurs  in  front  of  the  disk  and  half 
occurs  behind  tho  disk. 

The  propulsive  efficiency  is  obtained  in  conventional  fashion  from  the 


ratio  of  output  to  input  power. 


output  power 
input  p6wer 
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The  output  power,  or  useful  Mork  per  second,  is  the  product  of  the  remote 
velocity  and  the  thrust,  whereas  the  input  power  is  the  product  of  the  thrust 
and  the  disk  velocity:  hence 


V  kfi  ^^2  (?  ♦  'T~'  )  .  V 

(V  +  |a/»AV2  (V  +  2  ^ 


or 


»?p 


1  + 

V 


or  in  terms  of  ^^2 

TJp  .  - i_. 

X  4.  Equation- li»U*  11 

‘Tv 

which  is  consistent  with  the  kinetic  energy  method  of  arriving  at  Tjp. 

U.U.3  PROPELLER  BLADE  ELEI«T  THEORY 

a 

Tlie  simple  blade  element  theory  treats  the  propeller  as  an  airfoil  and 
attempts  to  arrive  at  a  value  for  thrust  by  anal^xing  the  forces  acting  on  an 
infinite  number  of  elements  that  have  a  spar  or,  (Oee  Figure  U*U»3) 


Figure  I;.!!i*3 


U-36 


The  angle  of  attack  (oc  )  that  eac^  element  has  is  dependent  upon  the  remote 
velocity  of  the  airplaie  and  the  rotational  velocity  of  the  particular  element. 
The  ang^e  of  attack  is  described  as  the  angle  between  the  relative  velocity  and 
the  chord  of  the  element  Just  as  on  an  airfoilo  The  relative  velocity 
is  the  resultant  velocity  between  the  airplanes  remote  velocity  and  the  elements 
rotational  velocity.  Figure  I4.l4.li  shows  an  element  in  cross  section. 


Blade  Element  Angle  &  Force  Helationships 
Figure 


V/here, 

g  is  the  angle  between  the  plane  of  rotation  and  the  chord  line,  degrees 
oc  is  angle  of  attack,  degrees 
())  is  ->  0(  ,  propeller  helix  angle,  degrees 

2  nr  n  is  rotational  velocity  where  n  is  in  RPSo 
The  differential  drag  (dD)  and  lift  (dL)  vectors  produce  a  differential 
resultant  (dR)  which  is  then  resolved  into  two  vectors,  differential  thrust 
(dT)  and  differential  torque  force  (dF)c  The  differential  thrust  force  acts 
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parallel  and  opposite  to  the  aircraft's  remote  velocity  vector. 


The  total  thrust  is  found  by  integrating  the  differential  thrust  force: 

T  =  B  jdT  vjhere  B  -*  number  of  blade ■;  liquation.  U.  a .  12 

/o 

Ijikewise  torque  (Q)  is  found  by  integrating  the  product  of  the  differential 
torque  force  (dF)  and  the  radius  (r)  at  vhich  it  acts: 


Q 


u-bP 

Jo 


r  dF 


Equatlbri.  4aU,13 


Hon-  dimension?!  pi-opcller  coefficients  are  developed  similarly  to  wing 
coefficients^  with  thrust  coefficients.,  and  torque  and  power  coefficients 
corresponding  to  the  d'-'ag  coefficient^  thus 


T  *-  T  p  V^D^’ 
where  T  is  thrust,  lb 

T  is  thmint  coefficient,  dimensionless 


Equation* 


p  is  densit.y  slugs 'fV' 

V  is  velocity  in  .'•■‘s/s *•■'(' 

D  is  propeller  diameter;,  ft. 

The  nropeller  di.ametor  squared  i  s  used  to 


make  the  T„  dimensionless. 


The  li  is  deleted  Gincs  d7na''tio  presnnrc  has 
analysis  than  in  airfoil  calculations. 


%  / 

less  significance  in  propeller 


The  thrust  coefficient  (T,)  could  be  plotted  versus  angle  of  attack  as  in 
presenting  airfoil  characteristicsj  hoviever,  the  angle  of  attack  is  varianle 
along  the  blade  since  it  is  a  function  of  Q  .  V,  r,  and  n.  A  more  convenient 
variable  is  because  for  a  praticular  ^,0  defines  o( .  Therefore, 

tan  /  -  V  and  since  ^  =  (S  ••  oC  ) 

’?f  n  J” 
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C<  •  ^  .  arctan  V 

frnt) 


Therefore, 


f  (d.  V  ) 

nD 


The  parameter  V  is  called  J  or  advance  ratiOe  J  is  then  usually  used 

fTH 

as  the  variable  against  which  propeller  coefficients  and  efficiency  is  plotted. 
But,  since  angle  of  attack  is  also  a  function  of  ^  ,  a  ^  at  the  three- 
quarter  radius  is  usually  chosen  as  a  reference.  Therefore,  instead  of 


plotting  versus  as  is  commonly  done  when  presenting  airfoil  characteris¬ 
tics,  which  is  merely  a  T^  that  is  independent  of  velocity  but  dependent  on 
RFT-I  is  plotted  versus  J,  By  defining  as  equal  to  T^  (  5L)^  then 


T  -  Z  fi/  (  n  D 

^  T 

T  •  Cj  ^  n  D**  Bquation.lj.4.l5 

The  above  equation  is  the  equation  normally  used  to  define  propeller  thrust. 
By  the  same  reasoning,  then 

Equation-ii,,hel6 

and,  since  torque  (Q)  is  equal  to  the  product  of  force  and  distance,  then 


Q  *  Cp  /9  R 

or  since  R  =  D  then 

1 

Q  ^  /)  n^ 

=  r  ^ 

By  letting  Cp  g  then 

■5 

Q  *  C^/On^  Equation  .Ii.hol? 


h-39 


Power  coefficients  maj  then  be  dereloped  in  a  namer  similar  to  that 
used  for  thrust  coefficients.  Since  power  is  equal  to  torque  per  unit  tlme^ 
then. 

P  ■  Q/  1  where  2  tr  n,  ■  rad/sec 
2tfn 

P  -  Q  2  tf  n 

2  ^ 

or  P  ■  Cg/on  D  2  fr  n 


3  J 


p  «  2  tr  Cq  ^  n  D' 
By  letting  2  ff  "  Cp  then 


Squatleai'U^.UtlS 


P  ■  C-  ^ 


Equation*  *19 


which  is  the  power  actually  supplied  by  the  engine. 


Since  propulsive  efficiency  is  the  ratio  of  the  power  output  to  the  input, 

Q 


r 


nn.S^L^Jjb. 


Cp  p  rP  d5 


or 


77  , 

''1-“  rr*  •  J 

^P 


Equation*  U*U.  20' 


Equation*  U!»*21 

r 

I  From  the  abovi  it  is  obvious  that  propeller  efficiency  is  a  function  of 
Cp  and  J« 

To  show  the  ^similarity  between  airfoil  and  propeller  characteristics > 
note  the  following  plots  depicting  common  nropeller  curves  and  their, airfoil 


Fleur ii  ii.U.S 


Fro«  the  ebore  plots  it  can  be  noted  that  the  CL  curves  are  essentially 


oC 

(a) 


Figure  U*U«6. 


J 

(b) 


From  the  above  plots  it  can  bo  noted  that  the  efficiency  curves  are 
similar  to  curves  of  L/D  that  have  been  plotted  backvards  like  the  curves 


ii^ia 


and  when  7l  — ►  0  at  high  J,  L/D — ►  0  at  low  o(  ,  and  when  71  — ►  0  at  low  J, 
L/D — ^0  at  high  OC  ;  furthermore  when  71  ^  • 


Con^arative  Coefficients  and  Parameters  for  Airfoils  and  Propellers. 


Propeller  Characteristic 
J  and  0 

n 

S' 

On 


Airfoil  Characteristic 
oC 
L/D 

S 


U.5  TURBOPROP  F:IGI!,"ES 
U.5 .1  Gz:mM. 

The  turboprop  power  plsoit  can  be  considered  as  a  turbojet  engine 
combined  with  a  propeller.  The  differaice  between  the  two  is  the  propeller 
and  turbine  sections.  The  turbine  of  a  turboprop  is  designed  so  iw  to  absorb 
enough  additional  energy  from  the  high  teii5)erature  gases  to  drive  the  propeller 
shaft  through  the  reduction  gears  on  the  extension  of  the  shaft  through  the 
front  of  the  coii5)ressor.  The  air  passing  through  the  turbine  is  then  expanded 
through  the  nossle  to  near  atMospherlc.  Some  jet  thrust  may  be  obtaine  ' 
through  the  exhaust  to  help  power  the  aircraft, 

U.5 .2  TURBOPROP  ADVAIITAGES : 

a,  Sin^licity  of  desigp  and  construction  • 

The  turboprop  has  much  less  moving  parts  than  the  reciprocating  engine^ 
therefore ;  less  parts  to  wear  out  and  need  replacing, 

b.  Low  specific  weight.  The  specific  weight  of  the  turboprop  way  run  as 
low  as  .5  while  a  reciprocating  engine  may  run  as  high  as  1,00  to  1,75. 

c.  Low  fuel  consusption.  The  specific  fUel  consumption  on  a  turboprop 
runs  as  low  as  «Ii  and  further  development  could  run  it  even  less, 

d,  LoTf  drag  installation.  The  parasite  drag  of  the  turboprop  is  very 
low  due  to  the  small  frontal  area, 

c.  Operational  flexibility.  The  turboprop  operates  well  at  take-off, 
high  altitude  (30,000  to  35>000  feet  maximum)  and  speeds  up  to  liOO  to  500  knots, 

f.  Power  response  to  throttle  movement  is  more  rapid  than  a  turbojet. 


U.5.3  TUHBOPROP  DISADVANTAGES 

a«  High  Speed.  Being  equipped  Hith  e  propeller^  the  turboprop  is 
liaited  by  high  speeds  in  the  same  way  on  the  reciprocating  engine. 

b«  Vibration.  The  structural  vibration  with  a  turboprop  installation 
is  usually  excessively  high.  This  should  be  eoqpected  when  one  considers  the 
high  horsepower  output  of  turrbcprc^'s  that  are  being  installed  on  present  day 
aircraft.  For  exa^ple^^  fuselage  vibrations  are  pxlaarily  influenced  by  the 
propeller  blade  tip  to  fuselage  clearance.  For  a  satisfactory  vibration  level 
this  tip  clearance  can  be  expressed  as  follows  s 

L  -  f  (IP,  RPM,  N,  D.) 

where 

IP  «  Horsepovrer  output  of  engine 

RPM  *  Propeller  speed 

If  "  Nuiid)e7  of  propeller  blade.^ 

D  "  Propeller  deck  diameter 

The  aircraft  laboratcriss  at  Wright -Patterson  AFB  developed  an  empirical 
equation  for  this  relationship  that  proved  acceptable  for  all  aircraft  up  to 
and  including  World  War  n  types.  When  this  relationship  was  applied  against 
the  C-i33>  it  was  found  that  the  propeller  tip  clearance  should  have  been  in 
excess  of  five  feet.  The  C-133  tip  clearance  is  actually  about  15  inches. 
When  this  equation  was  applied  to  the  XC-'J2,  which  was  never  flown,  it  was 
found  that  the  inboard  engine  would  have  to  be  installed  beyond  the  wing  tips. 


Th686  cl6Annc68  of  cour86  8r6  not  z*6ftll8ti.c«  Tho  only  mswoF  nppttnn  to 
accept  the  high  vibration  level8^  and  use  erery  means  possible  to  reduce  that. 
At  the  sane  time^  all  effected  aiixraft  structure  must  be  designed  to  absorb 
the  energy  of  vibration  without  fatiguing  the  structure  to  the  failure  point. 
U.5.U  TYPES  or  TORBOPEOP  ENGINES 

There  are  many  types  and  configurations  of  turboprop  engines  but  only  a 
few  will  be  discussed  here.  To  start  with  there  is  the  8iiq)le8t  of  all  turbo¬ 
props  which  is  nothing  but  a  single  stage  turbojet  with  a  propeller  installa¬ 
tion.  The  turbine  section  is  enlarged  to  allow  enough  power  to  be  delivered 
to  run  the  propeller*  This  system  is  sometimes  called  a  "direct  drive"  turbine 
Figure  U.5.1  shows  this  exanqple. 

Direct  Drive  Turbine 


Figure  U.S.l 


Another  version  which  is  similar  tc  the  example  in  tU^pire  U.5.1  is  the  ’’free 
turbine”  or  ‘‘seperate  drive”  turboprop.  This  engine  has  one  stage  of  the 
turbine  driving  the  coiq)re88or  directly  by  a  hoHov  shaft.  Another  stage  of 
the  turbine  drives  the  propeller  by  a  shaft  within  the  hollow  shaft.  This 
type  engine  is  used  in  the  HU-1  helicopter.  Figure  U.5,2  shows  a  sia^lified 
version  of  this  engine 


Free  or  Seperat-o  Drive  Turbine 
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Figure  U.5.2 
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The  T-57  engine  is  typical  of  the  tandem  compounded  turboprop.  This  engine 
has  a  low  pressure  and  a  high  pressure  compressor  with  a  separate  shaft  and 
turbine  for  each,  As  in  a  twin  spool  turbojet  engine  these  compressors  are  not 
connected  mechanically.  This  engine  is  shown  in  Figure  li.5.3. 

Low  Pressure 


Figure  1.5.3  ^ 

The  engine  which  is  being  used  more  and  more  by  the  jet  airlines  is 
called  the  tubo-fan  engine.  This  is  nothing  but  a  turboprop  with  the 
propellers  being  housed  inside  the  compressor  easing.  This  system  uses  the 
first  few  stages  of  the  compressor,  or  maybe  some  additional  stages,  as  the 
propeller.  There  blades  extend  out  into  an  angular  duct  that  bypasses 
some  of  the  intake  air  around  the  engine.  This  bypassed  air  is  discharged 
tiirough  a  nozzle  arrangement  the  same  as  the  hot  jet  gases.  The  propulsive 
efficiency  of  a  turbofan  engine  is  usually  higher  than  the  turbojet  be¬ 
cause  cold  air  reduces  the  temperature  and  increases  the  mass  flow  of  the  jet 
e.'chaust,  Fi^cure  h  5.h  shows  the  turbo  fan  principle. 


Ducted  Fan  Qfigine 


Ducted  Fan  Ccmbuation  ChtHiber 


Another  exMple  of  the  turbofan  arrangement  is  the  General  Electric 
CJ-805-23  aft  fan  engine.  This  engine,  forward  of  the  turbine  section,  is  the 
sans  as  the  CJ"805  turbojet.  From  here  on  back  to  the  end  of  the  tailpipe  is 

where  the  two  differ.  The  CJ«805-23  aft  fan  engine  has  an  aft  fan  attached 

-  * 

to  the  turbine  stator  casing  rear  flange.  It  consists  of  a  single  stage  free 
floating  rotor  which  is  part  conpressor  and  part  turbine 3  and  a  front  and  rear 
frane  incorporating  concentric  angular  flow  passages. 

Gases  flowing  aft  from  the  turbine  section  flow  into  the  inner  passage  of 
the  fan  front  frame  and  through  the  partitions  of  the  fan  turbine  nozzle. 

The  nozzle  directs  the  gases,  at  the  correct  angle  of  attack,  to  the  turbine 

a 

airfoil  of  the  rotor  blades.  The  gases  inpart  energy  to  the  blades  to  drive 
the  fan  rotor  and  then  flow  through  the  inner  passage  of  the  fan  rear  frame 
and  into  the  exhaust  section. 


Secondaxy  air  flows  through  the  outer  passage  to  the  outer  section  of  the 
fan.  The  fan  compresses  the  air  at  a  ratio  of  1«6  to  leOo  The  air  then  flows 
through  a  row  of  guide  vanes  which  straightens  the  direction  of  flow  and  then 
is  exhausted  along  with  the  primary  flow  to  provide  additional  thrust.  Secondaiy 
airflow  through  the  fan  is  about  1.5  tine  that  of  the  primary  airfloWo  Below  is 
a  simplified  drawing  of  an  aft  fan  type  engine. 


Aft  Fan  Engine 


Figure  Uc5.5 


U,5.5  REDUCTION  GEARS 

Since  the  ( perating  RPM  range  of  most  gst  turbine  engines  is  8^000  to 
12«,0CX)  and  more,  a  reduction  gear  between  the  propeller  and  the  engine  Hist 
be  used  so  Icwer  RPM  may  be  obtained.  The  reduction  gears  used  are  similar  to 
those  used  on  a  piston  engine^  however,  because  of  the  greater  reduction,  epicyclic 
gearing,  or  a  combination  thereof  and  spur  gearing  are  used.  On  engines  vhieh 
use  a  counter-rotating  propeller,  spvr  gears  are  used  to  transfer  the  driving 
torque  to  the  rear  and  front  propeller,  with  some  reduction  being  obtained  in 
this  way^ 

U,5*6  CONTROLLING  IN  A  TURBOPROP  ENGINE 

The  turbo;?et  pvyver  output.  Is  determined  and  controlled  by  rate  of  fuel 
flow  into  the  bumery.  The  turbop/o  prwer  output  may  be  varied  by  altering 
the  propeller  pi  tch  and  hrcr.ce  the  amount  of  p'-wei*  it  can  absorb  Lt  a  given 
RPM,  Generally  the  propelle  1-;  operated  at  a  ;  rnshart  speed  during  flight 
power  settings.  Both  the  fuel  fxow  and  the  propeller  pitch  are  controlled  by 
a  single  lever.  In  ciuising  flight  the  engine  run^  at  a  constant  RPM,  usually 
maximum  continuous,  with  tne  ccnsuant  speed  unit  goveniing  the  propeller  at 
constant  PPM  by  changing  pituh  to  aijvist  to  the  tc.xi'  e  from  the  engine.  When 
the  throttle  is  cpered,  the  fvei  flow  is  increased  at  the  same  time  the 
pitch  i-  increased  to  absorb  the  higher  power.  Clucking  the  throttle  reduces  the 
fuel  flow  and  the  pitch  is  decreased  to  maintain  RPM, 

When  the  throttle  is  opened  past  the  maxlnruii  cruising  condition  to  take¬ 
off  power,  the  fuel  rio;<  is  increased  and  the  constant  speed  unit  is  altered 

to  allow  the  engine  RPM  to  increase  to  talce-Dff  RPM,  This  is  normally  obtained 
by  decreasing  the  propeller  pit-ch,  thus  allowing  the  engine  to  accelerate  to  the 


desired  RPM,,  There  is  a  tendency  for  the  encine  RPM  to  overshoot  the  take» 
off  RFM  but  this  is  taken  up  by  the  engine  OTerspeed  governor  which  Halts 
the  RPH  by  reducing  the  fuel  flow, and  thus  the  power*  To  prevent  this  loss 
in  power  at  a  tiine  when  the  throttle  is  being  opened,  an  anticipator  mechanisn 
is  put  between  the  fuel  control  and  the  governor*  The  anticipator  delays  any 
change  to  the  basic  constant  speed  unit  setting  when  the  throttle  is  opened 
rapidly.  This  ensures  that  the  R?K  selected  by  the  constant  speed  unit  is 
slightly  lower  than  the  indicated  PJ'K,  This  will  ensure  a  stea^  increase 
in  propeller  pitch  until  at  full  throttle  the  correct  pitch  is  obtained  to 
absorb  the  take-off  power. 
h.5.  7  EIIGINS  FMLbliE 

V/hen  a  failure  occurs  on  a  reciprocating  engine,  the  constant  speed  unit 
noves  t!ie  propeller  RIdl  to  full  decrease  or  about  a  25°  angle.  The  propeller 
v’ill  windmill  until  featp.ercd.  On  the  turboprop  the  same  thing  will  happen 
but  the  propeller  will  reduce  pitch  to  about  8  to  12  degrees*  This  would 
present  a  naximun  frontal  area  and  could  result  in  an  extreme  hasauxl*  To 


prevent  this  ver;^-  undesirable  state  of  affairs,  a  reverse  torque  switch  in 
the  reduction  gear  operates  whenever  torque  reverses,  i*e*,  when  the  propeller 
tends  to  drive  the  engine.  The  reverse  torque  switch  overrides  the  constant 


speed  unit  causes  the  feathering  motor  to  reduce  RPX,  thei^  reducing  the 
high  windnillin'^  drag.  On  occasions  a  momentary  period  cf  rrreree  torque  nay 


be  encountered,  nowever,  when  the  pitch  adjusts  itself  after  m  soasst, 
feathering  action  is  halted  and  normal  operation  xs  res.'sed.  Ti®  en.gine  may  be 
foaLherod  by  the  pilot  ?.t  ?n\d:.;r.e;  this  usually  critails  closing  the  throttle 
and  energizing  the  feathering  motor. 


U,5«.8  POWER  OUTPUT  OF  A  TURBOPROP 


The  srerage  power-weight  ratio  of  a  turboprop  engine  le  about  50jS  better 
than  that  of  the  reciprocating  engine  at  sea  level.  Up  to  its  rated  height 
(critical  height)  the  power  of  a  reciprocating  engine  remains  virtually  constant 
(actually  increases  slightly)  while  the  gas  turbine  power  decreases  linearly* 
This  greater  power  per  engine  pound  al"..r/i!  <•.  gr.'eHter  payload  for  the  turbine 


engine  of  the  same  weight  as  the  reciprocating  engine. 

The  power  developed  by  a  turboprop  engine  is  normally  given  in  terms  of 
equivalent  shaft  horsepower  (eshp*.  Inside  the  gas  turbine  the  nozzle  guide 
vanes  lead  the  gas  flow  to  the  turbine  at  a  set  direction  to  the  plane  of 
the  turbine  rotor «  The  velc.v'itj'’  (V)  of  the  gn;:  flow  has  two  conqponehtSj, 

which  generates  shaft  energy  and  which  generates  propulsive  energy.  In  a 
turboprop  engine  the  aim  is  t.»  ir.vxease  and  minimize  (reverse  for  a 
turbojet).  Therefore. the  baaio  design  of  the  engine  is  different  from  that 
of  a  turbojet*  To  drive  a  propeller  the  total  wor-'k  of  the  gas  turbine  is 
taken  out  as  equivalent  shaft  hersapower  instead  of  kineti:.  energy  as  the  turbo* 
jet.  The  propulsive  effi«.  ienuy  is  at  xi<  ria.CLmum  at  speeds  below  kSO  knots. 
Above  this  speed  propclieT  sffioienr.y  drops  off  bec.ause  of  Mach  effects.  The 
proportion  of  thrust  between  p.r.-.pe]Jer  and  jet  is  about  90%  propeller  and  IQJJ 
jet.  Equivalent  shaft  horsepower  may  be  w.rixten  as  followeis 


IS 
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ret  jet  powev 
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Equation  U*5*l 
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U.6  RAMJET  ENGINES  H 

U.6.1  INTRODUCTION 

The  ramjet  is  an  air  breathing  engine  which  has  the  sne  basic 
operating  cycle  as  the  turbojet.  It  conqpresses  the  air  by  ram  pressure^  a/Mft 
heat  at  a  high  pressure,  converts  the  heat  energy  to  velocity  which  produces 
the  thrust.  The  ramjet  is  able  to  operate  without  a  mechanical  coiqpressor  by 
converting  the  kinetic  energy  of  the  incoming  air  into  pressure.  This  makes 
the  ramjet  the  simplest  of  all  engines  because  there  are  no  moving  parts*  The 
disadvantage  of  the  engine  is  that  it  will  not  operate  staticallyj  therefore, 
requires  some  means  of  boosting  it  to  a  speed  in  the  region  of  300  knots*  The 
engine  is  capable  of  operating  at  very  high  thrust  and  veiy  efficiently  at 
supersonic  speeds.  The  power  output  could  be  as  high  as  100  horsepower  per 
pound  of  engine  weight.  The  ramjet  is  sometimes  referred  to  as  an  athc^yd 
engine  derived  from  the  words  "Aero-THemODInamlc-Duct"* 

The  Figure  U.6,1  shows  a  8iii?)le  drawing  of  a  ramjet  and  its  coifKxients 
uith  relative  pressure ,velocity,  and  temperature  variations  throughout  the 
engine . 


Teirqperature  Velocity 


Ranjet,  Pressure,  Velocity  and  Temperature  Variation 


Figure  U«6«l 


U.6.2  principles  OF  OPERATION 

The  ramjet  consists  of  a  diffuser,  fuel  injector,  flame  holder, 
combustion  chamber  and  deLavel  Nozalec  In  referring  to  Figure  U«6«l  it  can 
be  seen  that  the  pressure  will  rise  between  station  0  and  the  flame  holderc 
This  is  normally  accomplished  by  two  stages  •  First,  the  extenial  conqpresslon 
due  to  the  air  changing  direction.  Second,  further  co^sression  is  obtained  in 
the  diverging  section  of  the  diffuser  due  to  the  air  slowing  down.  The  velocity 
is  the  lowest  at  the  flame  holder,  which  is  favorable  to  flame  propagation, 
and  this  is  where  the  burning  takes  place  ^  The  burning  mixture  recirculates 
within  the  sheltered  area  and  ignites  a  new  charge  as  it  passes  the  edge  of  the 
flame  holder.  As  the  burning  gases  pass  through  the  combustion  chamber  the 
temperature  is  raised, thus  increasing  the  volume.  As  the  volume  is  increased 
the  gases  must  speed  up  to  allow  room  for  a  new  charge  of  air.  The  velocity 
of  the  air  is  again  increased  as  it  passes  through  t  he  converging-diverging 
nozzle.  As  the  gases  leave  the  ejdlt  nozzle,  the  temperature  is  many  tines 
higher  than  that  of  the  entering  air  and  as  a  result  so  is  the  velocity. 

U,6,3  THRUST 

The  gross  thrust,  Fg,  is  the  actual  thrust  of  the  jet  stream.  The  gross 
thrust  is  the  product  of  the  mass  gas  flow  ''5/g,  and  its  effective  velocity  7.. 

J 

F 

g  *  Equation  U.6,1 
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In  the  case  of  the  ramjet  the  gross  thrust  is  meaningless  because  it  is 
never  obtained,  but  is  useful  in  understanding  ramjet  performance.  The  net 
thrust,  Fj»,  is  the  Fg  minus  the  momentum  drag  iitqifosed  by  accelerating  the  air 
swallowed  by  the  engine  to  the  forward  veiccity  of  the  engine  or  ram  drag* 


Equation  U*6*2 


The  gross  thrust  can  be  represented  b; 


This  curve  sho!-js  tnat  as  the  pressure  ratio,  across  the  nozzle  is 

increased  the  tnrust  increases  .'\lso„  Also,  as  the  cornL>^stion  temperature  is 
increased  the  thrust  per  pound  of  air  also  increases «  To  determine  the  F 

n 

uhich  acts  on  the  aircraft ^the  ran  drag  must  be  subtracted  from  the  gross  tfirust, 
vre  assume  that  the  inlet  weight  flow,  Wq,  is  equal  to  the  outlet  weight 
flow,  '.'/j,  we  can  construct  the  curve  in  Figure  )4.6,3»  Only  one  combustion 
temperature  is  shown. 


o 


Figure  h.6.3 
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In  the  ceee  ibore^the  r«i  drag  per  pound  of  air  flow  is  equal  to  V^g 
and  la  ahown  loy  lines  of  constant  flight  speeds*  The  lines  ctti  also  be 
shown  as  constant  Mach  nunbers  if  the  engine  is  operating  in  m  Isotheraal 
region*  These  are  represented  as  horizontal  dashed  lines*  If  there  were  no 
pressure  losses  in  the  engine, the  pressure  ratio  across  the  nozzle  would  be 
eq:ual  to  the  ram  pressure  ratio  dkie  to  the  forward  speed*  Some  theoretical 
pressure  ratios  are: 

MiCH  RAH  PRESSURE  RATIO 


These  values  are  added  to  the  cuive,  vertical  dashed  iine^,  in  Figure  l':*6*3 
and  the  ideal  gross  thrust  nay  be  cbtained  as  shiXMii  *  This  procedure  miQr  be 
repeated  at  different  values  of  combustion  tenperatVc.'e, 

Figure  Uv6.3  shows  that  the  thrust  output,  at  cubeonic  speeds  is 

low.  At  a  given  combustion  temperature  incree-io^s  idth  spesd  until  at  about 
2*5  to  3*0  Mach  it  will  start  to  decrec^e*  This  is  oecause  of  the  great  increase 
in  ran  drag  at  high  speeds  as  shown  iri  Figure 


3 


Kach  Nuiibar  a;  M 

o 

Figure  li,6.U 

)i,6.U  LOSSES  DUE  TO  IIJEFFICIEIICIES 

The  ideal  performance  cannot  be  obtained  from  a  ramjet  for  aeveral 
reasons.  Some  of  these  are: 

(a)  Ram  pressure  ratio  not  fully  realised  in  the  inlet.  This  will 
nor  really  reduce  the  actual  pressure  ratio  resulting  in  increased  specific 
fuel  consumtion  and  reduced  thrust. 

(b)  Pressure  loss  across  flame  holder.  This  will  reduce  the  pressure 
ratio  and  increase  specific  fliel  consumption  while  reducing  thrust. 


(c)  Pressure  loss  due  to  burning*  This  will  result  in  the  same  as 
a  and  b  above* 

(d)  Combustion  not  perfect.  This  will  increase  fuel  consumption  required 
to  produce  the  required  combustion  temperature. 

(e)  Theoretical  jet  thrust  not  realized  at  a  given  pressure  ratio.  This 
will  reduce  the  thrust  per  pound  of  air  at  the  pressure  ratio  causing  an 
increase  in  fu.el  consumption  and  a  reduction  in  thrust, 

U.6,5  INLET  DIFFUSERS 

In  the  ramjet  ,  espeiiially  at  supersonic  speeds,  the  airflow  at  most 
operating  points  is  established  by  the  inlet.  Since  most  ramjets  do  not  in¬ 


corpora  j  variable  inlets  which  oar.  adjust  the  aii*  flcr-:  to  the  requirements  of 

the  engi  *,  eptirr-Lm  performance  cannot  be  obtained  at  all  operating  .'conditions* 

The  purpose  of  any  supe.rsonic  inlet  is  to  convert  kinetic  energy  of  the  air 

approaching  the  inlet  to  a  hi^,  pressure  by  efficiently  slowing  the  air  to 

subsonic  speeds.  The  physical  slTnificance  for  flows  is  that  for  any 

initial  Mach  number  it  is  possible  co  sroelerate  tl'.:?  flow  to  the  acovstic  speed 
□ 

by  the  addition  cf  heat^  If  more  heat  is  added  than  is  necessary  to  reach  sonic 
speed  in  the  f3.o-rf,  the  effect  is  to  lor^er  tne  ii’itial  Mach  number.  This  is 
known  as  "choked  flow".  If  more  heat  is  added,the  flow  is  literally  pushed 
back  out  of  the  duct  and  sufficient  spill  over  occurs  at  the  duct  inlet  to 
allow  the  initial  Mach  number  to  satisfy  the  flov;  and  heat  conditions.  This 
condition  is  known  as  •’sub-critical"  operation.  This  is  shown  in  Figure  h.6.5. 


Sub-Grltical  Operation 


Conicftl  Shock — ^ 


Nomal  Shock 


Figure  U.6.5 

Figure  U,6.6  below  shows  the  design  condition  known  as  "critical" 
operation*  This  gives  a  Mach  number  of  one  at  the  burner  outlet^  but  if 
additional  heat  is  added  in  order  to  satisfy  the  flow  requirements  by 
lov/ering  the  burner  inlet  Mach  number,  it  tends  to  become  sub-critical  as 
shown  in  Figure  I4.6.5.  Thus,changing  the  amount  of  heat  added  has  effectively- 
changed  the  inlet  configuration  since  it  has  caused  a  change  in  the  shock- 
wave  angle.  It  should  be  kept  in  mind  that  it  is  possible  to  choke  the  flow 
by  the  addition  of  heat  only  if  the  maxlmun  temp>erature  rise  available  from 
the  fuel  is  equal  to  or  greater  than  that  required  by  the  flow  conditions  to 
give  a  Mach  number  of  one  at  the  burner  exit. 


Critical  Operation 


’i<6.6 

The  next  figure,  Cov6«7,  sho^is  a  condition  known  as  *' supercritical 
opeiation”*  This  condition  occurs  when  the  Mach  number  is  much  greater  than 
the  design  condition*  The  shock  wave  ang?-e  decreases  and  a  "swallowed  shock” 
takes  place*  This  has  the  disadvantage  of  changing  the  flew  conditions  in  the 
in?.et  with  attendant  losses.  The  air  flow  during  a  super  critical  operation 
renains  cerstant  even  if  the  back  pressure  is  rsduced,  I 

Sup«?rci"i.ticrJ.  Ckx^raiion 


Figure  U.6,7 


!i-62 


a 


Unstable  flov  coiild  be  expected  if  a  constant  fuel  flow  greater  than 
that  necessary  to  choke  the  flow  is  maintained.  This  unstable  flow  is 
referred  to  ’’diffuser  buzz”.  Let  us  assume  that  a  ramjet  operating  at  a 
constant  Mach  number  requires  a  fuel  air  ratio  of  ,05  to  maintsin  i-Iach  one 
at  the  burner  exit  but  the  fuel  flow  is  constant  and  greater  than  that 
required  for  the  fuel  air  ratio  of  .05.  In  this  case^  as  mentioned  earlier^  the 
heat  addition  would  lox;er  the  initial  Mach  number  and  mass  flow  causing  sub- 
critical  operation.  With  this  reduction  in  mass  flov  and  with  a  constant  fuel 
floT-:,  the  fuel-air  ratio  would  continue  to  increase  until  it  passed  the  value 
of  maximum  temperature  rise  as  shown  in  the  Figure  below. 


Fifjre  li.6.8 
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The  tMperatur*  would  tend  to  decrease  once  past  the  peak  allowing 
the  Inlet  Mach  and  wass  flow  to  increase*  This  would  decrease  the  fViel-air 
ratio >thu8  repeating  the  process*  This  "busz**  could  cause  coidnistion  fail¬ 
ure  and  be  detriaental  to  engine  thrust  because  of  the  Taxiation  in  the  nass 
flow. 

There  is  sonic  Telocity  in  the  exhaust  nozzle  of  a  supersonic  rawjet 
whether  or  not  the  ndnisun  exhaust  nozzle  axva  corresponds  to  the  burner 
exit*  In  this  case^the  burner  exit  Mach  number  is  fixed  by  the  ratio  of  the 
burner  to  the  jet  nozzle  and  the  *^buzzing"  could  still  take  place.  The  fuel 
control  of  a  ramjet  engine^  which  would  give  the  proper  fuel  air-ratio  at  all 
times,  has  always  been  a  major  problem  in  development* 

a 

U*6*6  COMBUSTION  SECTION 

The  purpose  of  the  combustion  chamber  is  to  raise  the  te^>erature  of 
the  air  by  burning  Ibel*  This  is  accomplished  as  explained  previously,  but 
there  is  also  a  pressure  drop  across  the  coid>u8tion  chamber*  The  combustion 
in  a  ramjet  is  continuous*  When  the  temperature  is  Increased  as  the  air 
passes  through  the  combustion  chamber  the  air  will  also  speed  up*  This  causes 
a  pressure  drop*  There  is  also  a  pressure  drop  due  to  friction  as  in  the 
turbojet*  The  pressure  drop  across  a  combustion  chamber  with  a  fixed  nozzle 
exit  may  look  as  shown  in.  Figure  U.6*9* 


Ficure  ^46. 9 

If  the  value  of  is  kept  as  near  one  as  possible  the  pressure 

drop  is  kept  at  a  ndnimum.  There  are  many  ways  by  which  pressure  losses 
may  be  reduced  but  only  at  the  expense  of  a  loss  of  thrust  per  pound  engine 
weight.  The  jet  nozzle  area  and  the  combustion  temperature  at  the  design 
conditions  are  two  of  the  most  iiiqDortant  parameters  that  must  be  balanced 
to  obtain  the  optimum  engine  output* 

Loss  of  efficiency  is  also  realized  if  combustion  is  not  conplete  before 
the  mixture  leaves  the  engine.  This  normally  results  in  an  increase  in  the 


fuel  air  ratio  required  to  obtain  a  riven  increase  in  combustion  chamber 
temperature.  The  combustion  efficiency  is  the  ratio  of  the  actual  temperature 


rise  to  the  ideal  teiapcrature  lise. 


-tic 


actual  tetgp,  rise 
ideal  temp,  rise 


Eqpiation  U«6«3 
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The  combustion  efficiency  is  affected  by  the  following  (causes  lower 

bl.  Decreased 
2.  Decreased 

3«  Increased  combustion  inlet  velocity 
U.  Change  of  Hiel  air  ratio  from  def^ign 
Figure  U.6ol0  shows  a  plot  of  7^^  versus  fuel  air  ratio. 


I 


The  jet  nozzle  accelerates  the  hot  gases  rron  the  combustion  chamber  to 
a  high  velocity  at  the  nozzle  exito  Thrust  performance  and  air  flow  capacity 
are  two  characteristics  which  are  important  for  jet  performance e  The  thrust 
of  a  nozzle  does  not  equal  the  thrust  of  an  actual  nozzle  as  shown  in  Figure 
iio6c3.  The  reason  for  the  difference  is  the  following  losses. 

(1)  Friction 

(2)  Angularity  of  flow  at  the  exit 

(3)  Under  expansion 

()i)  Over  expansion 

(5)  Lack  of  one  dimensional  flow 
Considering  all  these  losses  as  a  group,  thrust  efficiency  of  the 
nozzle  may  be  expressed  by  a  so  called  velocity  coefficient. 


*  velocity  coefficient  (^g/^j)  actual 

(Fg/Wj)  ideal 

vjhere : 


Equsbion 


(F^/W.)  ^  , 

E  j  actual 


Actual  gross  thrust  per  pound  of  gas  flow^ 
Ideal  gross  thrust  per  pound  of  gas  flow 


A  plot  in  Figure  U.6.11  shovjs  how  varies  with  nozzle  pressure  ratio 


Figure 

For  a  more  complete  discussion  of  nozzles, reference  should  be  made  to 
Section  5  on  Supersonic  Aerodynamics ^  . 


U.6,8  OVERALL  EJIGIIJE  OPERATION 

By  establishing  the  value  of  (1  ♦  fuel  air  ratio)x  for  a 

These  are  the  pai*ameters  that  are  necessary  for  c^omputing  the  engine  thrust  and 
economy.  Figure  U,6,12  may  be  constructed  and  will  give  an  understanding  of 
the  operation  of  a  supersonic  ramjet.  At  a  fixed  speed  ?n  increase  in  fuel 
air  ratio  vdll  decrease  diffuser  loss  pjid  loss  across  tne  combustion  chamber. 


are  found. 


given  operation  then  the  values  of  V/  Jq,  /  S  ,  P  /p  and 

^2  ^2  ^3  "^2 
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v;  Va  /  r 

^2  °t2 

Figure  h.6,12 

The  above  inentioned  condition  W3.11  also  move  the  operating  point  toward 
the  "buzz”  limit*  There  is  a  continual  compromise  between  sufficient  buzz 
margin  and  optimum  performance.  The  tendency  of  the  designer  is  to  obtain 
minimum  loss  and  maximum  efficiency*  This  occurs  at  "ihe  buzz  limit  and 
produces  a  very  interesting  engineering  problem^ 

If  the  process  in  Figure  li.6cl2  is  repeated  for  a  series  of  flight 
speeds  and  fuel  air  ratios, the  curve  in  Figure  U.6cl3  nay  be  constructed© 
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Air  Ratio  -  K 


Figure  U.6.13 


It  can  be  seen  that  for  a  decreasing  fUel-air  ratio  at  a  flight  speed 


W2  increases  along  vith  Also  decreasing  the  Hach  nuaber  at  a 

constant  fuel  air  ratio aoTee  the  operating  point  toward  the  buss  sone.  From 
this  it  can  be  seen  that  in  order  to  stay  out  of  the  buss  sone  the  fuel  air 
ratio  must  be  decreased  with  a  decrease  in  Hach  number.  A  cuxTe  may  be 
constxucted  showing  the  net  thrust  rersus  Mach  nuirt>er  for  each  of  the  abore 
mentioned  points.  This  curfe  usually  looks  as  in  Figure  U.6.11i. 


The  thrust  of  a  ramjet  Is  the  product  of  the  mass  flow  and  the 
Increase  in  air  velocity  between  the  diffuser  inlet  snd  nozzle  ezit«  You 
cai  slso  say  that  anything  which  will  increase  mass  flow  and  ten^rature  will 

D 

create  thrust.  The  most  efficient  operation  of  a  ramjet  is  near  the  surge  or 
buss  limit.  The  fuel  control  must  be  able  to  keep  the  fuel  air  ratio  close 
to  the  buzz  limit  without  the  risk  of  operating  in  the 


surge. 


U.7  ROCKET  SrOINES 


li.7.1  GENERAL 

As  stated  previously.  Newtons'  third  law  of  motion  states  for  each  action 
there  is  an  equal  and  opposite  reaction.  The  rocket  engine  is  based  on  this 
principle.  The  propellants  are  injected  into  a  combustion  chamber  at 
relatively  low  velocity  where  they  undergo  the  combustion  process.  This 
combustion  process  is  required  to  accelerate  the  gases  to  a  hi^  velocity  required  at 
the  nozzle  (Newton's  second  law).  The  thrust  obtained  from  the  engine  is  the 
reaction  to  the  combustion  process.  In  this  regard,  the  rocket  engine  is  very 
similar  to  the  other  jet  t3rpe  engines  such  as  the  ramjet  or  turbojet.  The 
rocket,  however,  carries  its  own  oxidizer  enabling  it  to  operate  outside  the 
atmosphere.  The  turbojet  and  ramjet  will  only  operate  inside  the  atmosphere 
where  sufficient  air  is  available  for  combustion. 

There  are  two  principal  types  of  rocket  engines  in  use  today;  the  solid 
propellant  and  the  liquid  propellant.  i!*ach  of  these  types  have  their 
advantages  and  disadvantages  about  which  there  will  be  some  discussion. 
h.7.2  LIQUID  ROCKET  EJGINE 

Uquid  propellant  engines  are  classified  according  to  the  number  of 
propellants  which  are  employed.  We  will  concern  ourselves  in  bipropellant 
liquid  I'ocket  engines.  Figure  li.7.1  is  a  simplified  drawing  of  a  typical 
liquid  propellant  engine. 


Sliq)lif  led  Uqald  Rccket  l&iglne 


Figure  U.Tol 

The  principal  engine  components  are  the  propellant  tanks,  propellant 
feed  system,  ejectors,  combisticn  chamber  and  nozzle  (de  Level  type), 

A  rocket  engine  is  a  converter  for  thermochemical  potential  energy  into 
exhaust  jet  kinetic  energy «  This  is  accomplished  by  going  through  several 
distinct  steps;  these  are;  Propellant  feed,  injection,  ignition,  combustion, 
and  expansion, 

li-7U 


The  oxidizer  snd  fuel  are  at  rest  initially  T-dth  respect  to  the  rocket 
engine,  and  therefore,  represent  the  potential  energy  of  the  chendcal.  The 
propellant  feed  system  usually  includes  a  turbopun^  or  some  high  pressure 
gas  which  is  used  to  force  the  propellant  into  the  injectors.  The  pressure 
in  the  combustion  chamber  is  usually  quite  high;  therefore,  output  of  the  feed 
system  must  be  great  enough  to  force  the  propellant  into  the  combustion  chamber. 
The  turbopunps  used  for  this  operation  normally  are  small  but  very  powerful, 
ihe  injector  is  so  arranged  in  the  combustion  chamber  that  the  oxidizer 
and  fuel  are  well  mixed.  Ignition  then  occurs  at  the  face  of  the  injector 
as  the  propellant  enters  the  combustion  chamber.  Some  type  of  ignition  systeiifl 
may  be  provided,  but  continuous  ignition  is  maintained.  The  combustion  procesfl 
is  rapid  with  burning  taking  place  in  the  combustion  chamber  and  nozzle,  with 
some  residual  burning  taking  place  in  the  exhaust  gases.  The  bulk  of  the  burn¬ 
ing  taking  place  in  the  combustion  chamber  before  the  gases  enter  the  nozzle, 
h.7.2a  LIQUID  PROPE^.LOT  FEED  SYSTEI 

The  method  used  to  feed  propellant  into  the  combustion  chaaiber  may  range  from 
the  simple  pressure  feed  system  to  the  complicated  pump  feed  system.  There  may 
be  many  things  which  determine  the  system  to  be  used;  such  as  burning  time, 
type  of  propellant,  design  requirements,  reliability  and  weight. 

Figure  U.7,2  shows  a  sample  drawing  of  a  pressure  feed  system. 


Figure  U.7o2 

As  can  be  seen  from  the  drawing, the  system  contains  a  tank  of  high 
pressure  gas  vjhich  is  used  to  force  the  propellants  into  the  combustion  chamber. 
This  system  has  the  advantage  of  simplicity,  high  reliability  and  few  moving 
parts.  The  one  overriding  disadvantage  is  the  weight.  The  pressure  required 
to  force  the  propellant  into  the  combustion  charibcr  i::  very  hi^li^  therefore,  the 
prcc.jurc  in  theco  trill’s  must  be  higher, requiring  very  strong  and  heavy  tanks. 


The  other  dieadvantege  ie  the  ehort  burning  duration  «\railable.  Thi»  systea  is 
noriMlly  used  for  operations  inquiring  low  thrust  application,  short  duration 
thrust  requirements  and  reliability. 

The  next  system,  pump  feed,  is  used  very  extensively  in  the  rocket  engine. 
The  system  consist  of  centrifugal  pump  powered  by  a  turbine.  The  turbine  is 
driven  by  hot  gases  produced  by  the  burning  of  propellants  within  a  gas 
generator.  Desigr  refinements  have  been  made  to  this  system  whereby  the 
propellant  is  supplied  from  the  main  tanks  after  the  pumps  are  started «  This 
results  in  a  simplified  design  and  an  improved  mass  ratio.  Figure  li.7.3  shows 
a  simplified  drawing  of  the  turbopump,  feed  system. 
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It  can  be  seen  from  the  drawing  that  the  gas  generator  is  replenished 
after  the  turbopunps  build  up  pressure  to  the  combustion  chamber*  This  allows 
the  pump  to  work  until  all  the  fuel  is  expended  ^  thus  giving  a  very  long 
burning  duration.  The  system  can  be  made  much  lighter  than  the  pressure  feed 
system^however,  the  system  requires  that  all  parts  work  perfectly  which  affects 
reliability. 

U.7.2b.  PHDPELLANT  TANKS 

Spherical  tanks  would  be  ideal  as  far  as  stress  concentration  and  weighty 
but  would  not  be  economical  in  rocket  construction.  The  propellant  tank  must 
be  strong  and  light  weight.  Two  types  are  used:  The  first  is  the  pressurized 
type  used  in  the  pressure  feed  system « and  the  second'  lslthe;.low.:presMire  type 
used  with  pump  feed  system.  These  are  very  thin-walled  and  have  a  tendency 
to  collapse  under  severe  external  load.  These  tanks  are  normally  pressurized 
for  storage  and  transportation. 

U.7.2C.  THRUST  CHAMBER 

This  is  the  section  of  the  engine  where  the  propellant  is  burned  at  very 
high  pressure  to  form  gaseous  products  which  in  turn  are  accelerated  and 
ejected  at  high  velocities.  The  thrust  chamber  assembly  includes  propellant 
inlet  manifolds^  injectors^  combustion  chmnber  and  the  de  Lavel  nozzle. 

The  function  of  the  injector  is  similar  to  a  carburetor  of  an  internal 

combustion  engine.  To  be  effective, an  injector  must  distribute  an  even 

' . 

propellant  pdttem  or  hot  spots  will  develop  as  a  result  of  disturbing  the 
boundary  layer.  The  size,  number  and  pattern  of  the  orifices  must  be  carefully 


designed  to  avoid  adverse  effect 


on  the  injectors  strength^  Figure  h,7^h 


shows  a  few  of  the  designs  possible 


Doublet 


Self-Iit5)inging 


Showerhead 


Injector  Designs 


The  design  of  the  combustion  chamber  may  be  influenced  by  many  factora. 

Some  of  the  most  important  are: 

(1)  Manufac borin'^  ease 

(2)  Size 

(3)  Weight 

(ii)  Nozzle  inlet  design 

(5)  C  nlai.t  pressure  drop 

It  is  obvious  that  the  most  desirable  chamber  is  the  one  that  will  produce 
the  maximum  thrust  in  relation  to  the  weight  and  propellant  flow.  Any  increase 
in  thrust  output  would  be  desirable  if  the  weight  could  be  held  down.  The 
factors  which  contribute  to  the  ovei'all  performance  must  be  v/eighed  against  the 
undesirable  features  to  see  if  it  is  profitable#  These  selections  are  usually 
accomplished  after  an  extensive  researvoh  and  de’^elcpment  period# 

The  term  "ohai’acterisbic  leng^th’*  is  usually  used  in  conjunction  with 
combustion  chambers.  Characteristic  length  is  equal  to  the  ratio  of  combustion 
chamber  volume  to  the  area  of  the  nozzle  throat#  This  is  represented  in  the 
formula : 

L  ^  n 

The  combustion  chamber  volume  is  the  volume  of  the  cliamber  plus  the  volume 
of  the  converging  portion  of  the  de  Lavel  nozzle.  There  is  usually  one 
characteristic  length  for  each  particular  propellant  combination,  mixture  ratio, 
chamber  pressure,  and  injector. 
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Throughout  the  burning  process  one  woild  expect  the  thrust  chamber  to 

become  very  hot  and  some  type  of  cooling  would  be  requiredc  The  temperatures 

inside  the  chamber  could  run  as  high  as  5000  ^  which  is  a  large  amount  of 

heat  on  the  chamber  walls «  The  heat  transfer  ranges  in  various  engines  run 

2 

about  2  to  10  BTU/Sec/in  ,  The  throat  of  the  nozzle  is  usually  the 
hottest  as  can  be  seen  in  Figure 


Figure 
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Thft  thrust  chsihsr  walls  ara  nonuUy  insulatad  by  a  "laHLnar-sub-ligrar** 
or  a  gaa  boundary  layar*  As  the  hot  turbulent  gasea  nova  through  the  nosala 
the  gas  near  the  walls  is  retarded  by  frictional  drag.  Fluid  rLaeosity  slows 
down  the  layers  of  gas  with  less  decellerating  effects  with  increased  distance 
frou  the  walls.  A  typical  velocity  profile  is  shown  in  Figure  U.7*6« 


] 


r 


Velocity  Profile  -  Turbulent  Flow 
Ji- 

•  Figure  Ue7oO 
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^  Throughout  the  burning  process  one  would  expect  the  thrust  chawber  to 

become  very  hot  and  some  type  of  cooling  would  be  required.  The  teii?)eratures 

inside  the  chamber  could  run  as  high  es  5000  ^  which  is  a  large  amount  of 

heat  on  the  chamber  walla.  The  heat  transfer  ranges  in  various  engines  run 

2 

about  2  to  10  BTU/Sec/in  .  The  throat  of  the  nozzle  is  usually  the 
hottest  as  can  be  seen  in  Figure  1.7.5. 


Tbt  thrust  chooer  walls  are  nomally  Insulated  by  a  "lawinar-sub-layer" 


or  a  gas  boundary  layer.  As  the  hot  turbulent  gases  move  through  the  noszle 
the  gas  near  the  walls  is  retarded  by  frictional  drag.  Fluid  viscosity  slows 
down  the  layers  of  gas  with  less  decellerating  effects  with  increased  distance 


frcm  the  walls.  A  typical  velocity  profile  is  shown  in  Figure  U.7.6. 
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Velocity  Profile  -  Turbulent  Flow 
Figure  U.7,6 


Since  convection  depends  on  turbulence,  or  molecular  mixing,  there  can  be 
no  convection  across  the  boundary  layer  because  of  the  laminar  flow*  Therefore, 
only  radiation  and  conduction  remain  and  the  low  thermal  conductivity  of  the 
gas  results  in  an  insulator.  The  temperature  gradient  through  the  walls  is 
shown  in  ligure  14.7^7^  This  shows  a  regeneratively  cooled  chamber* 


Thrust  Chfliber 
Axis 


Temperature  Gradient 


Figure  Iu7.7 
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The  thrust  chamber  is  usually  constructed  of  tubes  formed  to  the  required 


shape  then  welded  togethf*  c  I'Xiol  '..111  be  pv.ripod  t’-L'ouj;’;:  th3se  tubes 
and  ifill  ser/o  as  a  ooe-lant  *  The  fuel  it  pumped  through  the  tubes  the 
length  of  the  nozzle  then  back  through  other  tubes  up  the  nozzle  to  a  manifold 
which  will  distribute  the  fuel  to  injector In  this  process  there  is 
actually  in  effect  a  liquid  cooled  chamboTc  This  allovis  the  chamber  to  be  used 
many  times  such  as  in  static  test^ 


l4.7.3a  SOLID  PROPELLATIT  ROCKETS 


Solid  propellant  2*cckets  are  used  extensively  to  pcuer  rocket  projectiles, 
guided  missies  and  to  boost  power  of  an  aircraft  o.:  missle.  The  inherent 
sin5)licity  of  the  scLld  propellant  is  its  grc'dieso  appeal'  ,  while  the  liquid 
propellant  rocket  har^  the  advantage  of  versatility  and  high  performance. 

Figure  U*7*8  shows  a  simpli.fied  drawing  of  a  typical  solid  propellant  rocket. 
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Solid  Propellent  Rocket 


Figure 
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h.7.3b  SOLID  PHOPEIXANTS 


The  entire  body  of  the  solid  propellant  is  called  the  “grain".  The 

grain  contains  both  oiildizer  and  ruel«  There  are  two  principal  types  of  solid 

propellants:  The  composite  propellant,  consisting  of  an  inorganic  oxidiser 

dispersed  in  a  matrix  of  organic  plastic,  and  the  double  base  propellant, 

consisting  of  the  colloid  of  nitroglycerin  i-  nitrocellulose c  Additives  are 

used  with  the  chemicals  regulate  burning  rate,  increase  stability  and 

alter  the  physical  properties.  The  burning  rate  will  normally  regulate  the 

operating  pressure  whicn  is  in  the  order  of  500  to  2000  pounds  per  square  inch. 

The  walls  of  the  container  must  be  able  to  withstand  these  pressures  plus  a 

( 

safety  factor  above  possible  surges, 

j.he  de  Lavel  nozzle  has  the  same  function  in  the  solid  propellant  rocket 
as  it  has  in  the  liquid  propellant  rocket.  The  nozzle  cannot  be  cooled  as  in 


the  liquid  rocket, so  for  long  duration  firings 


the  noz.-.le  must  bo  insulated 


T-dth  a  material  such  as  graphite  or  ceramics.  The  walls  of  the  rocket  chamber 


may  also  be  insulated  to  prevent  damage  from  over  heating. 

The  burning  rate  of  a  grain  or  the  rate  at  which  a  solid  propellant  is 
burned  is  measured  ?.r.  a  direction  normal  to  the  burning.  Host  propellants 
bum  at  a  rate  of  0.03  to  2.5  inches  per  second  at  a  chamber  pressure  of 
2000  psi.  As  the  initial  temperature  is  increased  the  burning  rate  increases « 
The  temperature  of  a  solid  mcket  may  cause  an  increase  in  chamber  pressure 
Trdth  a  decrease  in  burning  time  if  the  engine  ’wu  been  stored  for  any  length 
of  time  at  elevated  temper-turos.  The  themal  conductivity  of  solid  pmpeQlant 


fuel  is  in  on  the  crcier  of  asbestos:  thorefcrf-i,  to  have  any  increase  in 
burning  rate  due  to  temrorature  increase the  grain  will  have  to  be  stored 
at  higher  temperatures  for  some  time. 

There  are  tempera Gui*e  limitation  for  some  solid  prcspeilants*  At  a  very 


low  temperature  the  propellant  may  become  brittle  and  the  shock  of  ignition 


will  caute  crav?kf.j  ^diich  will 


detor  at:- or* 


At  a  high  temperature  the  fuel 


may  not  able  to  withstand  the 


initial  ar 


'-..e/atior? . 


rhv'j  latter  condition 


is  veiy  unii.kelyc 

The  grain  ccnfiguration  or  the  amouno  of  orpooec-  bi:m.ing  area  is  used 
to  vCoroVrol  the  thrast-iime  prcgrajii  for  a  fixed -x:;  propellant,  Tho 
importance  of  orcper  piV'.-»:jur3  ..an/'.ct  bf*  over  « At,  boo  low  a  pi.’sssure 
some  prcpeilant-^j  vi^l  r.->i  .'■nipport  coAibustior*  At  too  high  a  pressure  tho  rocket 
case  may  ruptur.i.  For  ary  ilx.ed  confitTaration  vf  pro-.-nilant  ther-o  i*;  r  -I'iritical 
threat  area’*  in  tne  ro::z.  e  v/hioh  vjixl  iT,aintai:‘  tra.-  proper  p.»,c3ure  for  combustion. 

The  burning  ic  ne.m.aliy  coiv*: rolled  by  tns  gc vrali'y  of  the  prcpe?wl'ir*t  cr  by 
inhibitors,  Ii  hibitorc  may  be  an  ir.ort  or  a  very  slow  bu>/aing  chemical. 

Inhibitors  u'jod  ro  pretact  the  '..T.lie  and  .i*’--  --jfor?ed  to  as  -'IjA'.ers'', 

The  liner  proven  by  nuriace  burning,  helpe  hold  oho  p'-cpexlarib  to  the  walls  and 
acts  as  an  insulator. 

Some  of  tne  -carioxe  grain  configurations  aj*:?  ehovn  In  Figure  a,7.?. 
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Figure  ii«7s9 

The  typical  burning  characteristics  of  the  configurations  sLowi  in 
Figure  Uo7e9  are  shown  in  Figure  Uo7elO 


2000 


nfAy  c'r  the  ejq'.O'ie.i  r.MirJ.ng  area  change 3  the  prc^j?Jjtant 

is  burned;  tbirox  'viv;^  csa-jing  .r.  1:\  bv.:  n'.  A‘:  L-’f.'.to  c'nid  f:!-.i<j5*ber  pres.yjrs, 

iilll  change  '.*'?e  lihri"'  13 1  tire  proc;:'*aiTi  bj.t  r/vey  a:"e  controllable  and  p.'novfs  to  be 
advantageous  5t  ti.i.yrOo  A  typ-ical  sorj.d  propijilanb  th-ro.-ij-'-.  time  program  i.s< 


shown  in  /'igiu'to  OaVdl 


t-i’in.v-Ft  «:*  graw 


I'iir 


static  and  dynaiaic  loads  v/ill  offect  the  grain  configuration.  The 
propellant  must  be  able  to  withstand  normal  handling  loads  as  well  as  those 
imposed  by  thermal  expansion.  Host  dynamic  loads,  such  as  axial  acceleration 
and  combustion  gas  friction  push  the  grain  toward  the  nozzle  end  of  the  chamber. 
The  grain  must  be  able  to  avoid  crumbling  which  will  seriously  limit  grain 

geometry,  especially  a  configuration  which  x-dll  allow  burning  normal  to  the 
chamber  axis^ 

ROCKIirr  RJJIDAI-IEmLS 
U.7.Ua  FIRrD/LWTAL  THRUST  EOUATIOM 

Force  is  defined  as  a  rate  of  change  of  momentum,  that  is,  the  thrust  is 
equal  to  the  product  of  mass  flow  rate  (A)  and  theoretical  exhaust  gas  velocity 

(v„)  which  is  the  average  velocity  across  the  nozzle  exit.  The  exit  velocity 
and  the  mass  flow  rate  remains  constant. 


therefore  Ft  -  m  v 

w 


Equation  Uc7cl 


where 

m  *  slugs  per  second 

=  feet  per  second,  velocity  of  jet  wake 

Ft 

1  *  momentum  thrust  in  pounds 

The  nomentura  tlmist  does  not  represent  all  of  the  thrust.  It  often 
Happens  that  the  exit  pressure  is  either  greater  or  smaller  than  the  ambient 
pressure.  Although  the  exit  pressure  remains  constant  with  respect  to  time, 
the  ambient  pressure  vdll  decrease  with  height.  Any  unbalance  between  the  two 


pressures  will  cause  a  force  on  the  engine o  If  the  difference  in  pressure 
were  multiplied  by  the  exit  area  the  force  could  be  expressed  as  follows: 

Fg  “  (Pe  ~  Pa^  K 

where 

p  “  exit  pressure  in  psia 

w 

Pg^  "  ambient  pressure  in  psia 

A  -  exit  area  in  square  inches 
:*  pressure  thrust  in  p<;and£i 

The  total  thrust  cf  a  rocket  engine  is  the  sum  of  the  momentum  and  pressure 
thrust^  and  is  expressed  by  the  fundamental  thrust  equation  as 

F  =•  m  V  ,  (p .  p  )  A  Equation  U.7o2 

Td  obtain  the  optimum  thrust  from  a  rocket  engine  must  equal  p  ,  This 
is  called  optiirum  expansione  This  would  oniy  be  possible  at  all  altitudes  if 
the  noozle  (.‘onfiguraoion  could  be  variedc  When  is  less  thar  p^  nrrer  expansion 
is  said  to  occur*  Normally  a  rocket  vn.ll  be  designed  od  assure  maximum  total 
impulse  for  the  power-od  phase  of  the  flight*  A  rocket  which  changes  altitude,  such 
as  an  ICPII  is  usually  designed  to  produce  over  expansion  at  low  altitude  and  under 
expansion  at  higher  altitude.  There  is  some  intermediate  altitude  where  p^  *  p^ 


and  this  is  the  altitude  where  the  optimum  thrust  is  obtained  c  It  must  be  kept 

in  mind  thcat  the  optimum  thrust  is  the  maximum  thrust  obtainable  at  a  particular 

altitude.  The  rocket  engine  output  or  thrust  will  always  be  greater  at 

altitude  than  at  sea  levfel,  A  typical  curve  is  presented  in  Figure  U, 7.12c 

Line  one  shows  a  curve  for  a  rocket  engine  if  p  could  be  kept  equal  to  p 

®  a 

at  all  times.  Line  2  shows  a  typical  rocket  of  fixed  ^  .  It  can  be  noted 
that  where  equal  ^indicating  that  this  is  the  maxinrum 

tlirust  obtainable  at  that  altitude. 


Fii-ure  1.7.12 


b.7.1ib  SPECIFIC  IMPULSE 


Tht  |Mrfomanc«  of  a  rockat  la  oonraniantljr  azpraaaad  aa  apaolflc 
i^pulaa*  Tha  unlta  ara  IbAb/aac  and  la  ahortanad  to  "aac***  Tha  tan 
■aana  tha  anount  of  thrust  avallabla  for  aach  pound  of  prppallant  flow 
par-aaeond. 

Shown  at. 
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•’•fl  -  “5"  Equation  U.7.3 

V 

Tha  affactiva  azhauat  valoclty  -c**  la  daflned  as  F/aptherafora 


w  c 

A  t 


«  ^  . 


Equation  l;«7«b 


To  avoid  g  becoming  vaxy  anall  In  space  and  I^  becoming  infinitely 
Itfga  ,tha  value  of  g  is  set  as  g,  or  32 <,2  ft/sec^i 


therefore 


o 

9%M 


Equation 


Specific  Inqmlse  will  vary  with  altitude  even  though  g  is  fixed  because 
thrust  will  vary,  A  typical  curve  shows  how  altitude  will  change  F,  c  and  I^ 

Tha  values  of  \  P .  and  will  remain  constant  but  P  will 

o  c  a 


For  a  rocket  engine  the  propulsive  efficiency  be  wltten  as  folloifs 

■3 

vrtiere  F  ■  in  V 

and 

mechanical  work  ■  Ji  (V^  +  V^) 

o  V 

vThere 

«  velocity  of  aircraft 
\  •  velocity  of  jet  wake 


l»-93 


therefore 


w  v^yy  ^o) 


hr. 


llv) 


if 


>  V.^,  Ih.?  7^  p  btginfj  -io  decrsa'^e 


F.qu^l^>icri  i;.7«6 


Bquatio>‘.  1.7.7 


when 

•  0  then  7^  p  “0 

also 

V ,  *  V  then  >)  »  Z.OO  percent- 

When  then  all  the  enor©  is  utiU.s^d  in  propelling  the  airplane 

and  no  energy  is  censumM  fer  p?'c;j.»e.V  J-ng  partvia'.ee  in  the  wake*  The  vcironity 
of  these  v/ake  parti a.i.e:-:  vrith  reference  to  the  eart.ti  tr.  then  ir.o.rr.* 

At  ze?'o  speed  -  0  and  ”  co  ?iid7jp  «  G  and  ail  of  the  energy  of 

the  rocket  is  i*:  the  Jet  being  used  to  propel  the  parti  cles  in  t  he  wake* 
Generally  7jp  of  a  rockwl-  is  Ijw  becna-rs  of  tne  hir;h  Jet  velocity  reqrire:\ 


It  is  desirable  to  have  a  and  high  thrust,  but  the  problem  is  to  get 
high  thrust  with  as  low  a  as  possible*  Figure  U*7*lli  shows  7^  plotted 

against  the  dashod  line  for  a  turbojet,  ran  jet  or  txirboprop  as  obtained  from 
section  U.3.U* 


2.8  J 


Figure  lu7.Ui 


APFUTDIX  A 


INSTHJMEITTATION 

A.i  ii:troduction 

The  of  ilrcraft  requix^s  certain  knowledge  of  engine  perforniance 

and  of  the  relative  notion  of  the  air  vath  respect  to  the  aircraft.  In  early 
flights  the  engine  performance  was  evaluated  by  sound,  the  airspeed  was 
evaluated  by  listening  to  the  wind  rushing  over  the  airframe  and  the  fuel 
quantity  was  obtained  by  a  single  dip-stick«  As  obviously  limited  as  these 
methods  are,  considerable  flying  was  done  under  these  conditions.  It  was 
apparent  that  better  methods  were  required  and  were  possible.  This  was  the 
beginning  of  aircraft  instrumentation.  Since  then  a  steady  evolution  of 
cockpit  instrumentation  has  come  about  to  give  us  the  instruments  we  have 
today.  Strangely  enough  the  basic  theory  has  not  changed  significantly 
since  the  early  days;  only  the  mechanics  have  been  refined.  It  is  the 

refined  versions  of  these  early  instruments  that  we  rely  on  today  for 
flight  test. 

Many  flight  tests,  particularly  performance  of  low  speed  aircraft,  can 
be  done  with  only  cockpit  instrumentation  and  an  agile  observer.  However, 
a  great  number  of  stability  tests  wnich  require  raaqy  readings  within  a  few 
seconds  can  not  possibly  be  recorded  and  even  the  performance  of  a  modern 
day  fighter  exceed  the  recording  ability  of  a  practiced  observer.  Truly, 
qualitative  evaluation  has  its  place  in  flight  testing  particularly  in  the 
initial  phases  but  it  is  necessary  to  have  reliable  quantative  data  to 
support  qualatative  results.  It  is  necessary,  therefore  to  provide  a  means 


of  taking  contin’aous  or  freqasnt  interaitbant  iiist/niraent  readings.  The 
obvious  first  step  would  be  to  photograpr.  oocKpr.t  type  of  instruments 
which  could  be  read  at  "JLesure  at  a  later  tiiiie.  This  in  fact  has  been 
done  for  many  years  and  is  still  being  done  tc  some  escbent,  however,  the 
poor  response  and  great  lag  of  sc  no  phobographable  insti’uinents  has 
seriously  lind.ted  this  method  of  recording  data,  O’Cher  more  adequate 
methods  have  been  devised,  such  as  tiie  arid  uicgnetic  tape#  These 

will  be  discussed  later, 

K.9,  INSTRUMEirr  CHAJUCTHRISTfCS 

Ins’brunient.T  in  prenera?.  ha’x'e  certain  cjcnrion  '.;hs.rvc  J'j'.’istics,  ADI  are 
subject  to  inaccuracies  coiTcncnly  referi-ed  to  as  instrumonc  error.  They  are 
also  subject  to  a  Tt:oro  suntJe  ina.'* curacy  which  Is  known  as  hysto-rlsis . 

All  instrui-nencs  axvj  subject  cc  cotir  I’cacciu-aoles,  That  is,  Trrfien  they  are 
compared  to  a  ctardai^  true  vaD.uiv^thf  juiotrur-Gnl.  reads  liomo  value  sDjLghtD.y 
different  from  the  standa'cd,  Th3  differor.n.^  bevcefsi  tbo  two  is  the  instrument 
error,  Wriile  instrumeir  error  in  an  ^’Lro.'aft  i!ic’'.rjiP.r.r;;:-  is  ’.liidcsivablc  frt)n  an 
operatioi'ial  pcdnt  of  view,  large  e*'t-o»3  ai'e  nut  otjt  <;  for  fligr;t  test 

puiposesa  If  tne  errors  ara  known  and  tri  p’^eclic  :ucl&  ttvc-  iii^’u-rumen’t  readings 
can  be  con'ected  to  the  true  value  vatr.  r.-:  cov''.proip:-r.o  of  the  date. 

Most  all  instruviKj’its  arc  i‘’iecha:*ic?l  ir.  r.'mj  of  tleir  operatlou.  All 

□ 

mechanical  linlcages  have  come  s^op  or  vju.-!  I'.’A".',  int:  ther:,  Frr  InstaiiiCe, 

a  gear  at  one  end  of  a  gear  brain  (Fig,  #i,l)  may  be  mored  se  /ex'al  degrees 
without  moving  the  gear  at  the  other  end. 


This  is  generally  called  hysterisis 


Fig.  1«1 


because  of  its  similarity  to  its  electrical  counterpart*  I^terisis 

manifests  itself  in  instniaents  in  the  foUoning  manner*  Suppoee  that 

the  arrow  on  gear  number  k  approaches  the  nark  from  the  left  in  which  case 

gear  number  1  falls  on  the  mark  as  shown*  Now  let  gear  number  U  af^roach 

the  nark  from  the  rig^t*  Due  to  the  slop  in  the  system  the  pointer  wi  gear 

number  1  falls  to  the  right  of  the  mark  as  shown  by  the  dotted  arrow*  The 

difference  between  the  positions  of  the  two  arrows  is  the  hysterisis* 

Hysterisis  is  inherent  in  all  mechanical  systems.  It  can  be  minimised 

by  careful  design  but  it  can  not  be  completely  eliminated.  Hysterisis 

represents  an  uncertainty  of  a  given  reading  and  is  unpredictable  within  the 

limits  given  by  the  above  procedure.  It  is  therefore  desirable  to  use 

instruments  with  near  zero  hysterisis  and  to  calibrate  these  instruments 

□ 

in  such  a  way  as  to  determine  the  hysterisis  band  of  the  instrument. 

A. 3  INSTRUMSNT  CALIBRATION 

A  calibration  consists  of  comparing  an  accepted  standard  true  value  to 

the  actual  reading  of  an  instrument.  In  order  to  evaluate  both  the  error 
□ 

and  hysterisis  of  the  instrument  the  csOlbration  is  nin  both  Incrtirl  ng 
and  decreasing  in  magnitude.  The  error  is  generally  expressed  as 
correction  to  be  added  and  is  calculated  by  subtracting  the  instrument  g 
reading from  the  standard  value.  The  error  is  plotted  as  the  error  ver^ 
the  indicated  reading. 


The  hyiterlsle  band  will  appear  aa  the  difference  between  the  up  and  down 
line*  An  exaiiq>le  of  a  calibratioii  for  an  airapeed  Indicator  is  abofiai  below* 


Fig.  A»2 


j  An  alternate  nethod  of  preaenting  calibrations  generally  used  for 

oscillograph  calibrations  is  to  plot  the  instrument  reading  ▼ersus  the 
standard  reading*  (Fig*  A* 3) 


Fig*  A«3 


A^ 


This  procedure  is  generally  used  for  instruments  vrfiich  are  not  specifically 
designed  to  read  out  in  dimensr.onal  units  such  as  an  autosyn  ^Ich  has  a 
general  dial  reading  from  0  to  10  and  an  oscillograph  trace  which  simply 
deflects  through  some  displacement  in  response  to  a  voltage  input  from  a 
remote  indicator, 

A.li  INSTRUIffiirr  MECHANICS 

There  are  many  schemes  used  in  instruments  to  obtain  reading  of  desired 
quantities c  For  flight  test  purposes  they  are  generally  divided  into  two 
convenient  groups^  that  is^  those  required  for  performance  testing  and 
those  required  for  stability  testing.  Certainly^,  this  is  not  a  clear  cut 
delineation  between  types  of  instruments  for  there  is  considerable  overlap 
between  them^.  however,  it  does  serve  as  a  starting  point  for  the  discussion  of 
instrumentation  systems  used. 

The  primary  measurements  of  interest  for  performance  flight  testing  are 
airspeed,  altitude,  time,  free  air  temperature engine  speed  and/or  manifold 
pressure,  fuel  flow  and  fuel  used.  Other  measurements  like  turbine  discharge 
pressure  and  temperature  may  be  required  for  some  types  of  aircrafto  The 
above  list  may  be  divided  into  three  broad  categories  for  the  sake  of  discussing 
their  internal  workings.  These  are  pressure  instruments,  frequency  counting 
instruments  and  temperature  measuring  instruments. 

A.h.l  PRESSURE  I'EASURING  INSTRUCTS 

The  majority  of  the  measurements  needed  for  performance  flight  test 
require  accurate  measurement  of  pressure.  Parameters  of  this  type  are  air-* 
speed,  altitude,  manifold  pressure,  etc.  At  the  heart  of  all  conventional 


cockpit  pressure  ineasuring  instruments  is  the  bellows  o  This  may  either 
be  of  the  accordian  type  or  the  diaphram  type*  The  basic  principle  of 
both  is  to  convert  a  pressure  into  a  measurable  displacement.  When 


pressure  is  applied  to  the  bellows  it  extends  from  its  initial  position 
at  pressure  (Fig  A.U)  to  X2  for  pressure 

/VVVVWN 
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Fig.  A,h 


This  is  the  system  used  in  the  manifold  pressure  gage  v;here  the  total 
displacerrent  of  the  bellows  may  be  less  than  two  tenths  of  an  inch  for  a 
UOO  inches  of  mercury  gage.  From  this  we  see  the  great  requirement  for 
mechanically  amplifying  these  small  displacsir.ents  into  readable  quantities  on 
a  dial.  Since  this  is  done  mechanically  through  a  large  number  of  gears  and 
levers  some  amount  of  hysterisis  may  be  expected.  That  is,  a  given  pressure 
arrived  at  by  increasing  from  a  lower  pressure  has  a  lower  dial  reading 
than  the  same  pressure  arrived  at  from  a  higher  pressure.  It  is  well  to 


restate  here  that  for  flir-ht  test  work  a  large  instrument  error  is  not 
undesirable  if  it  is  repeatable,  that  is,  it  occurs  every  time.  It  is  the 
unpredictable  or  nonrepeat  able  errors  vjhich  are  of  concern  in  test  woiic. 


Kchc2  F71E3U5NCY  COUNTING  AND  RATE  INSTRUMENTS 

Instruments  of  this  type  are  fuel  counters  and  tachometers « 

The  fuel  counter  is  of  the  frequency  counting  type^  That  is,  the 
revolutions  of  an  anemometer  type  rotating  element  in  the  fuel  lines  are 
counted  and  fed  directly  to  a  cockpit  and  photo  panel  counter^ 

The  tachometer  is  a  rate  sensing  instrument  arid  hence  operates  on  a 
difierent  principle «  A  snail  generator  whose  voltage  output  is  proportional 
to  ii..s  speed  is  mounted  on  the  engine  or  other  unit  whose  speed  is  to  be 
measured^  Va.  ,ypes  of  sensor?  may  be  used  in  the  cockpit  the  simplest 
of  vThich  would  be  a  volt  or  amp  meter t  More  refined  techniques  are  used 
to  sense  the  generator  output  but  they  are  beyond  the  scope  of  this  writing* 
Fuel  flow  rates  are  not  measured  directly  on  cockpit  indicators  for 
flight  test  because  the  present  state  of  the  art  does  not  give  sufficient 
accuracy e  Rather,  the  fuel  counters  are  timed  for  a  given  number  of  counts. 
The  fuel  flow  is  then  calculated  by  dividing  the  fuel  quantity  given  by 
the  counters  by  the  time  increment, 

A,U.3  TEiPERATURE  MEA3UR  KG  INSTRUMEI^TS 

Temperature  measuring  instruments  are  of  two  types,  the  thermocouple 
or  the  resistance  wire.  The  resistance  wire  system  is  usually  used  in  free 
air  temperate  sj^^stems..  It  utilizes  a  wire  whose  resistance  changes  with 
temperatiureo  This  resistance  change  is  measured  by  a  sensitive  voltage 
measuring  device  for  cockpit  visualization 


Th«  theraocouple  takes  advantage  of  the  electxisal  potmtld.  that 
reoulte  ehen  two  dlsAiailar  wetale  are  brought  in  contact  with  each  other. 

If  the  ends  of  two  different  netale  are  brou^t  together  each  junction 
will  generate  an  electrical  potential^ however^  they  will  oppose  each  other 
ao  that  there  is  no  current  flow  in  the  circuit.  Howerer^  if  the  teeperatnre 
of  one  of  the  junctions  is  different  fron  the  other  a  current  flow  will 
result  which  is  proportional  to  the  temper^^^difference.  This  then  is 
the  thermocouple  principle  of  temperature  measurement  #  V/ith  the  proper  selMtion 
l^f  the  materials  used,  the  voltage  level  of  the  system  can  be  easily 

raised  to  a  measui'able  level  to  allow  accurate  temperature  measurement.  While 
in  principle  the  thermocouple  system  is  neat  and  si^[>l9  requiring  no  external 
power  it  has  a  few  disadvantages.  First,  It  requires  specdal.  wire  from  the 

tenqperature  source  ^junction  to  the  opposite  reference  junction.  Second, 

D. 

“^because  the  indicated  temperature  only  gives  the  temper atuvs  difference 

between  the  two  junctions  it  is  necessary  to  know  the  temperature  of  the 

reference  junction.  For  accurate  measurements  the  reference  junction  is 

B 

~  generally  imnersed  in  an  ice  bath.  This  requires  additional  malntenmice  of 
the  ice  bath. 
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